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This  volume  was  written  by  and  reap  engine  -re  and  scientists  w»  an 
concerned  with  the  analysis  and  synthesis  of  piloted  aircraft  flight 
control  systems.  The  Bureau  of  Aeronautics  undertook  the  sponsorship  of 
this  project  when  it  becass  apparent  that  nany  significant  advances  ware 
being  aads  in  this  extremely  technical  field  and  that  the  presentation 
and  disseadnation  of  inforoation  concerning  such  advances  would  be  of 
benefit  to  the  Services,  to  the  airframe  companies,  and  to  the  Individ-* 
uals  concerned. 

A contract  for  collecting,  codifying,  and  presenting  this  scattered 
material  w*a  awarded  to  lorthrop  Aircraft,  Inc.,  and  the  present  basic 
volume  represents  the  results  of  these  efforts. 

The  need  for  such  a volume  as  this  is  Obvious  to  those  working  in 
the  Xt  is  equally  apparent  that  the  rapid  changes  and  refine- 

ments in  the  techniques  used  asks  it  essential  that  new  material  be 
added  as  it  become*  available.  The  best  way  of  maintaining  and  laproving 
the  uaaLflnesa  of  this  volaae  is  therefore  by  freqpent  revisions  to  keep 
it  as  complete  and  aa  up-to-date  as  possible. 

For  these  reasons,  the  Bureau  of  Aeronautics  solicits  suggestions 
for  revisions  and  additions  from  those  who  make  use  of  the  volaae.  Xu 
scat  eases,  these  suggestions  night  be  duply  that  the  wording  of  a 
paragraph  be  ch  vged  for  clarification;  in  other  eases,  whole  sections 
outlining  new  techniques  might  be  submitted. 
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Each  suggestion  will  be  acknowledged  and  will  receive  careful  study. 
For  those  which  are  approved,  revision  pages  will  be  prepared  and  dis- 
tributed* Each  of  these  will  contain  notations  as  necessary  to  give  full 
credit  to  the  person  «M  organization  responsible. 

Ibis  cooperation  on  the  part  of  the  readers  of  this  volume  is  vital. 
Suggestions  forwarded  to  the  Chief,  Bureau  of  Aeronautics  (Attention 
AE-612),  Washington  25,  D.  0.,  will  be  nost  welcome. 


L.  M.  Chattier 

Head,  Actuating  & Flight  Controls  Systems  Section 
Airborne  Equipment  Division 
Bureau  of  Aeronautics 
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This  wlna  has  bw  written  rzAtr  Buier  Contract  5Cas  51-514U)  to 
present  to  those  concerned  with  the  problems  of  designing  integrated  air- 
craft controls  systems  certain  information  regarding  the  artificial  feel 
System. 

Cm  purposes  of  this  volume  are  to  present  the  fund  inert  al  concepts 
underlying  the  design  of  artificial  feel  system  and  to  faesait  a method 
of  accotsplinhing  this  design  so  that  the  complete  piloted  aircraft  sys- 
tem will  meet  certain  specified  requirements.  Several  basically  new  ideas 
hate  been  included  in  this  prrsentation. 

The  fbrewost  of  these  is  tbs  inclusion  of  the  human  pilot  in  the 
analysis  of  the  complete  system*  lbs  validity  of  this  procadagf  is  baaed 
on  the  fact  that  the  human  pilot  is  an  integral  and  essential  part  of  any 
piloted  aircraft  *ystes  and  that  his  opinion  usually  datenrfmsa  the 
acceptability  of  an  airplane. 

A second  new  concept  presented  is  the  re-definition  of  ■the  arti- 
ficial. feel  srp tern.*  Jm  this  valise,  the  artificial  feel  ay  at  me  lurlndae 
mot  only  the  ocmmooly  accepted  artificial  force  producing  devices,  aoch 
as  bohmrighta,  q-beilsws,  and  centering  springs,  but  also  sons  subsystems, 
aoch  as  motion  stability  augpsntera  and  autopilots.  Thee#  aabsystene 
must  be  included  in  the  definition  because  they  alter  the  static  and 
dynamic  at  ability,  mod  banco  the  handling  qualities  and  feel  character- 
istics, of  an  airplane. 

Special  mention  should  be  mads  of  the  following  people  for  their 
hslp  and  ooopsratioeu  F.  B.  Bacua  tor  coordinating  the  preparation  and 


publication  of  the  volume,  R.  £.  Geeklll  for  hie  work  in  transcribing 
the  equations,  and  Shirley  X.  leys  and  Dorothy  L.  Eaerick  for  typing  the 
manuscript* 


W.  R.  Monroe 
Chief, 

Flight  Controls  and  Servo* 


Jp 

0.  T.  McRuer 
Assistant  Chief, 

Flight  Controls  and  Servos 
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A modern  high-speed,  high-perfOmance,  piloted  aircraft  asst  be  considered 
aa  a gyetea  when  the  problems  of  flight  path  control  and  stability  are  dis- 
cussed* The  concept  of  flight  path  control  and  stability  can  be  easily  visual- 
izsd  if  the  airfirame  notion  is  imagined  aa  the  action  of  a 'velocity  vector 
having  both  aagnitode  and  direction* 

Stability  is  detaruinAd  by  bov  veil  the  airfraae  resists  changes  In  the 
Magnitude  and  direction  of  the  velocity  vector*  On  the  other  hand,  control  la 
a function  of  bov  veil  the  velocity  vector  nay  be  altered*  In  short,  flight 
path  stability  is  associated  with  the  eaae  with  which  a pilot  Hies  an  airplane 
steadily,  and  flight  path  control  is  linked  with  the  ease  and  precision  with 
which  a pilot  maneuvers  the  airplane* 

The  controlled  el  spent  in  the  pdlot~air£raae  system  ia  Use  basis  airframe. 
Once  the  configuration  of  the  basic  airframe  is  determined,  its  characteristics 
are  unalterable*  The  problem  then  is  to  design  the  controlling  elements  m 
that  they  act  an  the  ccntroUed  el— mt  to  give  the  desired  system  response* 
These  controlling  ele—fte  arm  the  human  pilot  and  the  sirlrmse  artifi- 
cial feel  systm*  The  human  pilot  acts  both  as  a sensing  and  an  artmating 
element*  Although  the  dynamic  characteristics  of  pilots  vary,  the  qystmn 
designer  cannot  vary  these  characteristics  at  his  own  discretion.  The  pilot 
therefore  is  an  unalterable  controlling  eleaent  es  far  as  the  designer  is 

The  other  element  ia  the  pdlov-airfr aeo  systm  is  the  artificial  feel 
system  which  is  defined  aa  the  embinatioa  of  both  the  force  prodaeiog  system 
and  the  notion  stability  angeanting  system* 
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The  need  for  developing  the  artificial  feel  system  can  be  traced  directiy 
to  ever-increasing  speeds  and  performance  of  aircraft.  Few  insurmountable 
problems  of  dynamic  stability  and  control  were  encountered  in  the  low-speed 
airplanes  of  a few  decadea  ago.  Any  problems  that  did  exist  ware  salved  by 
changing  the  basic  airframe  configurations. 

As  the  speed  range  was  extended,  the  designers  began  to  resort  to  the  nee 
of  spring  tabs,  horn  balances,  sot-back  control  surfaces,  and  other  aerodynaaie 
devices.  However,  the  effects  of  these  modifications  diminished  at  higher 
speeds  as  the  dynamic  pressures  increased  and  the  center*  of  pressure  of  the 
control  surfaces  moved  aft.  To  enable  the  pilot  to  overcome  the  higher  aero- 
dynamic forces,  it  became  necessary  to  use  partially  and  fully-powered  control 
sorlaces. 

With  powered  controls,  part  or  all  of  the  control  feel  to  the  pilot  is 
lost  unless  artificial  fore*  producers  are  usod.  Sine*  pilots  normally  fly  by 
the  physical  association  of  applied  fores  and  maneuvering  response,  the  need 
for  force  producers  at  the  cockpit  controls  became  critical  and  brought  about 
tha  development  of  fore*  stability  augmenting  system*. 

The  fore*  stability  augsenter  has  three  basic  purposes.  First,  it  most 
provide  the  pilot  with  the  proper  pressure  cues  to  allow  near  eptlana  flight 
path  control.  Second,  it  must  aid  in  reducing  the  possibility  of  inadvertent 
destruction  of  the  airplane.  And  third,  the  oontrol  surface  motions  produced 
by  the  force  producer  under  hands-off  flight  conditions  most  result  in  satis- 
factory dynamic  airplane  stability. 

Tbs  dtvic*  used  to  aid  in  satisfying  this  third  rsqoirmrent  Is  tbs  motion 
stability  augaanter,  which  may  be  defined  as  a system  which  automatically  pro- 
duces control  surface  movements  that  tend  to  increase  tbs  dy&ade  stability  of 
the  airplane.  The  airfraaa  alons  is  not  always  attitude  stablii;  that  is,  the 


airframe  motion  nay  exhibit  diverging  or  und&aped  oscillations  or  diverging 
exponentials*  7 he  pilot  can  prevent  this  type  of  ssticn  by  continually  Jock- 
eying the  cockpit  controls.  Obviously,  this  procedure  will  distract  the  pilot* a 
attention  firm  his  other  tasks  and  lewer  his  efficiency. 

The  airplane  nay  be  Stabilised  by  employing  outboard  or  inboard  stabil- 
isation. Outboard  stabilisation  is  a aetbod  by  which  the  basic  airframe  con- 
figuration is  altered,  e.g.,  by  changing  wing  dihedral  or  stabiliser  surface 
areas.  This  nethod  is  objectionable  because  it  nay  possibly  lead  to  loss  of 
control  and  increased  drag  effects  or  because  it  aay  be  incompatible  with  tbs 
airplane  performance  requirements. 

When  inboard  stabilisation  is  used,  various  airframe  notions  are  detected 
by  appropriate  sensors.  The  signals  firm  these  sensors  are  used  to  actuate 
motors  or  hydraulic  servos  which  automatically  deflect  the  control  surfaces  to 
counteract  any  undesirable  airframe  notions.  By  the  prudent  choice  of  sensors 
and  actuators,  the  alrfireee  can  be  made  highly  stable  without  loss  of  control. 

The  artificial  feel  system  is  relatively  alterable,  especially  when  fully- 
powered,  irreversible  controls  are  used.  Thus  the  control  system  designer  is 
faced  with  the  talk  of  achieving  the  desired  complete  pilot-airframe  system 
response  by  a prudent  design  of  the  artificial  feel  aystesu 

Chapter  H of  this  volume  is  presented  to  familiarize  the  reader  with  the 
artificial  feel  problem.  The  factors  that  influence  feel  and  the  manner  in 
which  they  affect  the  system  response  are  discussed.  In  addition,  present 
methods  for  supplying  artificial  feel  to  the  pilot  are  briefly  discussed. 

Chapter  in  is  devoted  to  the  presentation  of  an  analytical  procedure  for 
designing  artificial  feel  systems  to  mast  the  piloted  aircraft  specifications 
suamarlsed  in  Chapter  If. 

in  appendix  presents  the  derivation  of  the  augmented  coefficients  of  the 
longitudinal  characteristic  equation  of  Chapter  HI. 
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Because  the  concept  of  control  feel  hes  been  gradually  developed  from 
c plniona  expressed  by  large  numbers  of  pilots  flying  many  types  of  aircraft, 
it  is  understandable  that  this  concept  is  aoomvhat  nebulous.  This  is  espec- 
ially true  at  present,  for  many  of  the  old  and  established  measuring  slides  of 
desirable  control  feel  and  airplane  stability  appear  to  be  losing  significance 
for  today’s  high-speed  aircraft* 

Ons  of  the  first  questions  that  arise  in  dealing  idth  the  control  feel 
problem  is  a definition  of  the  term  “control  feel.1  Consider  the  block  diagram 
of  the  pdlot-equiTalent  airframe  system,  shown  in  Figure  II-l*  Tbs  equivalent 
airframe  includes  the  basic  air  frame  plus  any  artificial  feel  system.  Using 
this  block  diagram  as  a basis,  control  fed  can  be  expressed  as  the  ratio  of 
the  equivalent  airframe  response  to  the  pilot’s  fores  Input. 


Desired 

Response 


Pilot’s 


Figure  n-1.  PUot-Squivdent  Airframe  System 


Referring  to  Figure  n-1,  it  is  seen  that  control  fed  criteria  rr~ * 
in  this  manner  are  apparently  concerned  idth  the  equivalent  airframe  block  only, 
and  do  not  take  Into  account  the  dosed  loop  pilot-equivdent  airframe  system. 
Actually,  however,  desirable  tsmnrlcd  values  given  in  conjunction  with  these 
control  feel  criteria  are  normally  Detained  from  a pilot-aircraft  combination 
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and  will  therefor*  be  applicable  to  the  closed  loop  pilot-equivalent  airframe 
system.  Tor  this  reason,  control  feel  criteria  in  this  volume  will  be  concerned 
only  with  applied  forces  and  associated  responses,  but  will  iapUcitly  involve 
the  haws p pilot* 

One  shortecedng  of  this  particular  concept  of  control  feel  criteria  is 
that  no  consideration  is  given  to  the  deflection  of  the  cockpit  controls.  Is 
other  words,  it  is  assumed  that  the  pilot  Hies  by  force  feel  only.  Although 
it  is  recognised  that  the  amount  of  deflection  of  a control  la  certainly  a fac- 
tor in  the  control  feel  problem,  there  has  been  insufficient  correlation  of  data 
to  evaluate  the  importance  of  this  factor  at  ths  present  tine. 

Various  spout  CLc  criteria  for  evaluating  control  feel  have  been  proposed 
through  ths  years.  Ths  most  consistently  named  of  these  criteria,  reflecting 
the  majority  of  pilots*  opinions,  have  been  compiled  into  the  flying  qualities 
specifications  published  fay  the  Xavy  Bureau  of  Aeronautics,  the  Air  Forces,  and 
ths  Civil  Aeronautics  Aflrinistratlon.  Because  these  criteria  have  evolved  from 


a large 


of  Hying  experience,  they  h*ve  a fairly  sound  basis  and  should 


not  be  underrated.  Ob  the  other  hand,  because  the  equivalent  airframe  block  is 


always  in  a 


of  rapid  evolution,  the  criteria  for  good  control  feel  are 


subjected  to  frequent  nodifications.  In  fact,  because  of  -the  recent  accelerated 
development  of  the  high-speed  Jet  airplane  with  its  associafcsd  systems  — power 
control  systems,  artificial  feel  devices,  and  electronic  stability  augmenters  — 
it  appears  that  the  entire  concept  of  control  feel  and  its  various  criteria  will 


undergo  radical  changes. 

Before  attempting  to  evaluate  the  concept  of  control  fed,  it  is  Important 
•a  background  material  to  be  f miliar  with  the  general  criteria  and  And  mental 
aspects  which  have  already  been  established  from  Hying  sxpsrimtee.  Section  2, 
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Section  1 


£)  therefor*,  gives  e qualitative  discussion  of  these  fundamental  aspects,  idrich 
asj  be  described  ss  what  the  pilot  wants  for  desirable  feel  characteristics. 


figure  H-2,  hqulvalmxt  Airframe  Block  Breikdost 


Hi  Sections  3 and  4,  the  equivalent  airfreoe  block  of  Figaro  IWL  Is  treks* 
down  into  its  component  blocks  (sss  Figaro  n-2},  sod  these  ere  discsssed  sep- 
arately. A general  discussion  of  the  basic  airfrsae  block  Is  given  to  Section 
3 along  with  tb*  various  factors  that  affect  the  basic  airfrana  response  to  con- 
trol surface  deflections.  It  Is  sfaovn  how  the  wide  variation  of  the  response 
over  the  flight  regime  of  an  airplane  creates  the  onjorlty  of  the  control  feel 
problems.  In  Section  4,  ease  of  the  nor*  mnsnn  el  ss  wits  in  present-day  fores 
producing  sjs terns  are  discussed.  Tb#  notion  stability  asgssntsr  block  is  treated 
la  detail  la  Sections  2 nod  4 of  Chapter  m. 
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SECTION  2 - FUNDAMENTAL  ASPECTS 


At  stated  before,  control  feel  qualities  are  measured  by  the  response  of 
the  airplane  to  the  pilot's  control  input*  Nearly  all  pilots  agree  that  the 
fundamental  input  parameter  is  force*  and  that  they  are  not  particularly  eon- 
owned  with  the  distance  through  which  the  force  is  moved*  However,  there  have 
occurred  recent  instances  where  the  control  deflections  have  proved  important. 
More  win  be  said  about  this  later  when  longitudinal  control  feel  is  discussed* 
When  the  pilot  applies  a force  input,  he  expects  the  airplane  to  respond 
in  a certa  . way*  Ths  desired  response  of  the  airplane  is  usually  a steady 
state  maneuver*  For  a constant  applied  elevator  stick  force  the  pilot  expecvo 
a steady  state  normal  acceleration  response;  for  a constant  applied  ailercj 
stick  force  he  exists  a steady  state  rolling  velocity  response;  and  for  a con- 
stant applied  rudder  pedal  force  be  expects  a steady  state  sideslip  angle 


response* 

Furthermore,  the  pilot  would  like  all  these  respective  inputs  and  associated 
responses  to  set  independently  of  each  other;  i.e*,  there  should  be  no  cross- 
coupling  effects*  For  example,  when  he  applies  aileron  control,  he  wants  a roll- 
ing response  with  no  sideslip.  In  turning  Maneuvers,  the  application  of  aileron 


and  elevator  controls  only,  which  would  be  desirable  from  a pilot's  viewpoint, 
will  usually  result  in  an  uncoordinated  turn  if  the  inherent  coupling  between 
the  rolling  and  sideslipping  notions  of  the  basic  airframe  is  not  eliminatrd. 
Although  it  is  difficult  to  eliminate  cross-coupling  effects  by  aerodynamic 
means  alone,  these  effects  can  be  minimised  by  using  automatic  stability  augmen- 


tation* 

On  the  other  hand,  ths  pilot  likes  s certain  degree  of  correlation  among 
longitudinal,  lateral,  and  directional  control  feels*  For  example,  if  the 
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•levator  control  force*  are  high,  then  the  pilot  vents  the  aileron  control  forces 
high.  Tery  little  work  has  been  done  toward  the  establiahaent  of  criteria  to 
describe  this  "balance"  of  control  feel. 


(a)  LK.’&ITUIJIHAL  CCSTEQL  TEE. 

Longitudinal  central  feel  is  usually  treated  as  if  It  consisted  of  two 
types*  the  feel  necessary  for  straight  and  level  equilibria*  flight  and  tbs 
feel  necessary  for  maneuvering  flight.  Although  these  are  often  considered  sep- 
arately in  design  work,  mainly  because  of  to  o individual  design  criteria  which 
have  been  established  for  each,  it  should  be  ernhaslted  that  it  is  the  integrated 
effect  which  produces  tbs  longitudinal  control  characteristics  felt  by  the  pilot. 
In  other  words,  tbs  border  line  between  these  two  types  of  icngtfaufiwMl  control 
feel  is  not  well  defined.  Beverttelass,  for  analysis  sad  discussion  purposes. 

It  is  still  convex. lent  to  consider  tbs  equilibrirn  flight  and  tbs  maneuvering 
flight  types  separately. 

jth  addition,  long!  aMnal  maneuvering  flight  may  be  divided  Into  two  types! 


steady  state  type 


in  which  tbs  veins  of  normal  acceleration  is  differ- 


ent froe  1 g but  cues  established  remains  essentially  constmxt  with  tie*  during 
tbs  mwMuver,  such  as  in  ordinary  turns  and  dive  recovery  pull-outs;  sod  tran- 


sient type  Maneuvers  in  which  the  normal  acceleration  never 
state  value,  such  as  in  abrupt  pull-ups  tram  level  flight,  i 


s steady 


pulse-  type  elevator  lnpwta. 

Although  the  various  time-proved  criteria  which  have  been  established  for 


the  steady  state  type 


pletensas  and 


bare  not  bean  established. 


can  be  discussed  with  s certain  degree  of 


, adequate  criteria  for  the  transient  type 


of  tbs  increasing  luportaoce  of  tbs  tran- 


sient type 

tom 


for  Mgh  apeort  aircraft,  mors  attention  tosuld  be  devoted 
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For  the  purposes  of  this  volume,  then,  there  ere  three  fundamental  aspect* 
end  associated  criteria  of  longitudinal  control  fealt  (1)  control  feel  which 
Involves  e change  in  speed  from  an  original  equilibrium  speed  end  which  io  given 
primarily  by  the  gradient  of  stick  force  per  change  in  formrd  speed,  d.FtfdV  j 
(2)  control  feel  which  involves  steady  state  normal  acceleration  and  which  is 
given  by  the  ratio  of  stick  fores  per  change  in  normal  acceleration,  Afe  /An  % 
and  (3)  control  feel  which  involves  transient  normal  accelerations  and  for 
which  no  definite  criteria  have  evolved  at  yet* 

CHUDS  FECBt  BQJJMBRIUH  SPEED 

When  the  forward  spaed  of  an  airplane  changes  from  on  equilibrium  speed, 
the  pilot  expects  an  accompanying  change  in  elevator  stick  force*  A typical 
plot  of  elevator  stick  force  versus  equilibrium  speed  is  show  in  Figaro  33-3* 
Xach  point  slang  this  curve  represents  the  stick  fores  necessary  to  change  the 
airplane's  equilibrium  flight  condition,  assuming  the  stick  lores  wss  trimmed 
(£-0)  at  the  original  equL" ibrlum  speed*  Notice  that  to  increase  the  speed 
of  the  airplane,  the  pilot  wav,  exert  a push  force  on  the  stick,  mad  to  decrease 
the  speod,  he  most  exert  s pall  force*  The  elope  of  this  curve,  dfc  JdV  or 
d£  /dM  , is  very  important  as  a coutrol  feel  par  master  because  it  gives  the 
pilot  an  indication  of  the  static  stability  of  the  airfrmss*  If  the  airplane 
is  disturbed  so  that  the  speed  is  changed  front  the  stick  fares  trim  speed,  hat 
the  stick  is  left  fires,  the  push  or  pull  forces  to  maintain  the  new  speed  arm 
of  course  not  applied,  end  if  the  stick  force  gradient  is  in  a stable  direction, 
the  tendency  to  regain  tha  trim  speed  results  automatically*  For  this  reason, 
the  gradient  of  stick  force  versus  speed  is  a measure  of  the  so-called  stick- 
free  static  stability  of  the  air  front.  A negative  elope,  such  os  that  shown  in 
Figure  n-3,  indicates  a condition  of  stick-free  static  stability,  and  conversely, 
a positive  slope  Indicates  stick-fires  static  instability* 
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figure  XX-3.  Xlevstar  Stick  Fore*  versus  Kqulllhrlna  Speed 

A general,  a large  negative  tain*  of  d§  JdV  is  dsslrehU.  A large  gradient 
Min  tend  to  keep  the  airplane  flying  at  constant  speed,  and  is  therefor*  espe- 
cially helpful  during  gusty  matter  conditions.  It  rill  enahls  the  pilot  to 

« 

trim  the  airplane  easily  and  to  naintala  Ido  desired  trim  speed  with  s elnlw 
of  effort.  It  also  provides  stall  earning  for  low  speed  flight.  On  the  other 
hand,  too  large  a gradient  is  mdeeiretlo  Ar  cushat  asnwv taring  bsesnss  the 
variations  in  speed  firm  an  original  Area  trin  spaed  can  hecons  quit*  large, 
producing  high  stick  forces  which  indue*  pilot  fatigue.  Uso,  whan  trianad  la 
a landing  approach,  too  large  a gradient  my  produo*  excessively  high  stick 
forces  during  the  landing  flaie  nt» 

in  important  ecnsideratioo  in  the  longitudinal  feel  prohilm  is  the  nagni- 
tnde  of  the  friction  Areas  A tbs  control  system  these  Areas  nust  be  as 
snail  as  possible  so  that  the  feel  A not  ocnpletely  snaked.  Figure  H- 4 indi- 
sstes  the  typical  ly  steam  A loop  eaneed  ty  control  systen  friction  then  the 
equilibria?  speed  of  an  airplane  A first  increased  and  then  reduced  firm  the 
original  equilibria  speed  ty  the  pilot. 
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Figure  H-4.  Effect  of  Control  System  Friction  on  Elevator 
Stick  Force  versos  Equilibria*  Speed 

For  this  case,  the  assumed  friction  force  band  of  4 pound*  causes  a "dead- 
band”  of  V of  the  order  of  30  mph.  This  roans  that  if  the  pilot  has  triaaed 
the  stick  forces  for  a particular  equilibrium  speed,  it  is  possible  for  the 
spaed  to  change  30  aph  before  any  elevator  stick  force  signifying  this  change 
is  felt  by  the  pilot. 

These  considerations  concerning  a desirable  gradient,  d£  /dV  , shew  that 
what  pilots  really  need  is  a nonlinear  gradients  s high  gradient  around  the 
speed  to  alleviate  the  friction  problem  and  to  provide  good  feel,  and  a 
gradient  at  speeds  on  either  side  of  the  trim  speed,  to  prevent  excessively 
stick  forces  for  maneuvering  and  landing,  and  possibly  another  high  gradient 
at  speeds  much  lower  than  trim  speed  to  reduce  the  possibility  of  a stall,  as 
shown  in  Figure  XE-5* 


Push  I \ 


Stick  Force  Trim  Speed 


Section  2 


An other  important- aspect  of/  -longitudinal  feel  prcblea  which  is  often 
taken  for  granted  is  that  a change  in  elevator  stick  position  always  accompa- 
nies a change  in  elevator  stick  force  as  the  forward  speed  is  changed  from  an 
original  eqollibritm  speed.  In  other  words,  it  is  assumed  that  a forward  stick 
deflection  is  associated  with  a push  force,  and  an  aft  stick  deflection  is 
associated  with  a pull  fbree.  The  effects  of  stick  deflection  on  the  pilot's 
opinion  of  longitudinal  feel  are  not  known  exactly  at  present  and  should  he 
investigated. 

STEAD!  STATE  OTSIVBB 

In  addition  to  the  longitudinal  feel  required  for  straight  and  level  equi- 
librium flight,  it  has  bean  found  by  experience  that  longitudinal  feel  is  very 
Important  in  steady  state  aaneuvering  flight  where  stabilized  values  of  normal 

0t 

accelerations  different  Am  1 g are  involved* 

The  two  aost  canon  instances  of  this  type  of  mansuverirg  flight  are  ordi- 
nary toms  and  dive  recovery  pull-oats.  For  these  maneuvers,  a more  or  lass 
constant  veins  of  normal  acceleration  is  maintained,  and  for  this  reason,  foal 
criteria  in  longitudinal  maneuvering  flight  in  the  past  have  been  baaed  on  these 
steady  state  values  of  normal  acceleration  as  the  independent  variables. 

Figure  H-6  gives  a typical  plot  of  elevator  stick  force  versus  steady 
state  normal  acceleration.  The  slope  of  this  curve  is  the  gradient  of  stick 
fores  par  g.  This  gradient  has  been  found  to  he  closely  related  to  the  pilot's 
opinion  of  the  maneuvering  stability  of  an  airplans. 

In  Figure  H-6,  notice  that  a poll  force  is  required  on  the  stick  to  pro- 
duce a positive  increase  in  normal  acceleration.  This  it  a stable  stick  farce 
par  g gradient,  and  tb*  airplane  is  said  to  possess  stick-free  maneuvering  sta- 
bility bee  mane  if  the  pilot  does  not  apply  the  necessary  force  to  maintain  the 
normal  acceleration  increment,  the  stick  tends  to  move  in  a direction  which 
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causes  the  airplane  to  return  to  a 1 g flight  condition.  It  can  he  seen  that  a 
stable  gradient  la  highly  desirable  for  flight  In  gusty  weather. 


Figure  U-6.  Elevator  Stick  Force  versus  Xoraal  Acceleration 
In  Steady  State  Maneuvers 

lb  is  very  Important  not  only  to  provide  a stable  slide  force  per  g gradi- 
ent hot  also  to  keep  this  gradient  within  certain  desirable  Unite.  Stick  farce 
per  g gradients  that  are  too  high  will  sake  the  airplane  feel  sluggish  and  will 
reduce  the  conbat  effectiveness  of  tbs  pilot-airplane  cfhinatim.  Oredlents 
that  era  too  low  will  sake  the  airplane  aeea  too  sensitive,  and  will  indese 
excessive  pilot  fatigue  In  gusty  weather  flights  dace  the  pilot  will  have  te 
"fly"  the  airplane  continuously.  In  addition,  low  gradients  provide  insuffi- 
cient warning  to  the  pilot  that  structural  Units  ere  being  approached  during 
maneuvering  flight. 

For  steady  state  type  longitudinal  maneuvers,  it  is  apparent  that  what  the 
pilots  deairs  is  a nonlinear  stick  force  per  g gradient}  that  is,  a steep  gradi- 
ent near  1 g to  provide  the  necessary  sensitivity  and  gusty  weather  stability, 
a low  gradient  for  the  intermediate  g raage  to  peej^t  pilot  fatigue  in  ambit 
maneuvering,  end  finally  a steep  gradient  in  the  high  g range  te  provide  ade- 
quate structural  limitation  warning  as  shown  in  Figaro  H-7« 
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Figure  H-7*  Desired  Elevator  Stick  Force  versus  Normal 
Acceleration  in  Steady  State  Himmwi 

SIKSXDT  MNBTCBB 

control  feel  in  trensieot  maneuvers  «u  never  considered 
very  important  1a  the  past  except  for  a fee  isolated  cases  of  airplanes  which 
developed  undesirable  transient  characteristics*  Today,  however,  mainly  due  to 
Mgt.  speed  flight,  various  eorodynaaic  artifices  and  sechsnleal  devices  are 
necessary  to  produce  satisfactory  stability  and  control*  It  has  been  found  In 
many  eases  that  although  the  steady  state  maneuvering  control  feel  character™ 
istiee  of  an  airplane  may  satisfactorily  scat  the  required  design  values,  the 

nay  exhibit  unsatisfactory  feel  characteristics  in  transient  maneuvers* 
In  many  of  these  cases  the  causes  ef  unsatisfactory  transient  feel  are  not 
apparent,  and  flight  test  records  have  not  helped  in  determining  these  ceases* 
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Howeror,  it  can  be  stated  with  bom  assnnnce  that  pilots  desire  a higher  rale- 

* 

tire  ralue  of  stick  force  in  rapid  pull-up  aanewsrs  that  in  slow  poll-op  mbw 

▼ere* 

Figure  H-8  coaparea  typical  tian  histories  of  mt  elrfrsw  with  good  tran- 
sient feel  characteristics  and  one  with  poor  transient  feel  characteristics. 
Notice  that  in  the  latter  caoe,  the  nariim  nine  of  stick  force  is  lose  in  the 
abrupt  pull-up  than  in  the  alower  jnYl-sp. 

This  can  becone  important  shea  considering  structural  limitations  of  an 
airplane*  In  transient  naneurer*  the  pilot  requires  gone  sort  of  feel  lndire- 
tion  which  will  tell  bin  the  nagnltoda  of  the  load  factor  *diich  will  uLUaata)y 
he  attained  In  the  transient*  If  there  is  Insufficient  wanting  Id  the  feal 
characteristics,  the  structural  Unit  Iced  fester  of  tha  airplane  can  easily 
he  exceeded  by  the  pilot. 
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Host  of  the  difficulties  illustrated  in  Figure  II-8  apparently  arise  because 
too  large  a portion  of  the  maneuvering  stick  force  comes  from  a source  — such  as 
a bobweight  —which  is  in  phase  with  the  normal  acceleration  of  the  airplane* 
Since  there  can  be  an  appreciable  time  lag  in  the  normal  acceleration  response 
to- abrupt  stick  input*  the  portion  of  the  force  feel  in  phase  with  the  normal 
acceleration  can  therefore  lag  the  stick  motion*  thus  creating  poor  feel  charac- 
teristics* 

Another  aspect  of  the  transient  feel  problem  which  is  often  overlooked  is 
the  amount  of  stick  deflection  required  in  rapid  maneuvering.  Hxperiawital  data 
Indicate  that  pilots  expect  a certain  amount  of  stick  deflection  when  executing 


transient  maneuvers*  and  that  deflections  below  a certain  minimum  value  are  con- 
sidered —desirable,  However*  Just  what  criterion  is  to  be  used  in  establish- 
ing this  mini—  stick  deflection  value  is  not  known* 

TM«  leads  to  the  problem  of  setting  up  suitable  criteria  for  transient 
feel.  Although  there  is  no  reason  to  question  the  validity  of  the  criterion 
in  the  preceding  discussion*  i.e«*  the  maximum  stick  force  should  be  a 
function  of  the  rapidity  of  the  Maneuver*  this  criterion  does  not  take  into 
account  the  amount  of  stick  deflection.  Hence*  it  would  appear  either  that  this 
criterion  Should  be  extended  to  include  stick  deflection*  or  that  additional 
criteria  say  be  necessary.  Various  proposals  have  been  suggested  which  take 
into  account  the  work  or  the  power  applied  to  the  stick  as  functions  of  ths 
transient  load  factor  response  attained,  these  proposals  recognise  stick  dlo- 
plaeomxt  sod  rate  of  displace— rrt  as  factors  in  transient  feel*  but  the—  cri- 
teria are  as  yet  untested* 

(b)  LA388AL  CCHBOL  FE*L 

Lateral  control  feel  is  concerned  with  rolling  motion  such  as  that  used  in 
perfc**log  ordinary  banked  tarns  and  certain  combat  maneuvers.  In  these  lateral 
maneuvers*  ths  pilot  expects  s certain  stick  force  end  an  associated  rolling 
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response  when  he  displaces  the  control  stick  sideways.  Past  experience  has 
indicated  that  this  desired  response  is  rolling  Telocity  rather  then  roll  angle] 
sore  will  be  said  shoot  this  later. 

If  a constant  applied  aileron  force  is  maintained,  aost  airplanes  will 
attain  a worn  or  lesa  steady  stats  value  of  rolling  velocity,  as  abowa  in  Fig- 
ure n-9.  Sotice  that  the  curve  is  nonlinear  and  that  disproportionately  higher 


stick  forces 
undesirable  1 


to  prodace  tbs  larger  rolling  velocities.  This  is 


srmilahls  sideways  force  input  iron  the  pilot 


is  quite  United,  la  feet,  this  is  the  main  reason  for  using  a abaci  type  con- 
trol column  in  large  aircraft.  However,  wheel  controls  are  not  very  satisfac- 


tory far  fighter  type  aircraft 


ft  ’than  mem 


that  a nonlinear  variation  of  aileron  farce  versus  steady  state  rolling  velocity 
is  desirable,  hut  that  the  variation  dxold  be  to  that  Aon  in  Figure 

H-10.  Here,  the  force  gradient  is  high  around  neutral  to  provide  adequate 
feel  characteristics  including  suffintmt  centering  tentacles  to  nvercr—  con- 
trol syatm  friction.  The  gradient  is  kept  low  in  the  regica  of  high  rolling 


rates  so  that  the  farces  required  to 


do  not 


the  pilot's  eapSbn- 


itlss. 


It  should  he  painted  out  that  the  criterion  far  lateral 


is  not 


usually 


of  pure  rolling  velocity,  but  in  taxes  of  n : 


dl  nan  atonal  rolling  velocity,  -pb/2V , which  esc  be  thought  of  se  the  wing  tip 
helix  angle,  dUo.,  the  flight  path  angle  through  which  thu  tip  of  the  wing  novae 
during  a steady  state  rolling  notion.  Thie  aco-dinen  atonal  rolling  velocity  is 
used  because  the  rolling  response  characteristics  of  airplanes  are  inherently  a 


acre  direct  function  of  this  helix  angle  than  of  pure  rolling  velocity. 

la  the  past,  the  lateral  feel  criterion  has  bean  based  on  a mdar 
of  aileron  force  required  to  attain  the  aaxiw  available  wing  tip  helix  angle. 
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Far  the  purpose  of  this  volnae,  this  criterion  can  essentially  be  given  in  tones 
of  £ J (pb/2V)  , ifcieh  implies  a certain  proportionality  between  applied  aileron 
force  and  associated  steady  state  rolling  response. 

Recently,  it  has  bean  show  that  the  rolling  response  parameter,  pb,  2V  , 
which  is  based  an  steady  state  rolling  velocity*  is  not  entirely  satisfactory  for 
modem  high-speed  aircraft.  One  reason  is  that  smaller  aircraft  of  low  aspect- 
ratio  wteg  planforn  never  reach  a steady  state  rolling  velocity  in  any  sort  of 
maneuver.  Another  reason  is  that  the  non-dimensional  wing  tip  helix  parameter, 
pb/2V  , apparently  loses  much  of  its  significance  as  a design  parameter  whan 
a modem  high-speed  airplane  is  considered  because  this  parameter  la  baaed  on 
the  assumption  that  the  rolling  velocity,  p , is  directly  proportional  to  the 
true  airspeed,  V 9 This  assumption  is  mi  oversimplification  which  is  essentially 
correct  only  far  relatively  low  subsonic  Mach  numbers  and  for  rigid  airplanes. 

TM«  is  explained  in  greater  detail  in  Section  3(h). 

Far  the  reasons  given  shove,  it  is  likely  that  new  lateral  response  erlfr 
terla  w*T»  mot  he  based  on  rolling  velocity,  but  an  time  required  to  attain  a 
certain  rail  angle.  With  this  new  rolling  response  criterion  it  is  not  clear 

the  basis  for  aileron  stick  force  feel  criteria  should  be.  Until  the  nmr 
criteria  can  be  established,  it  is  recommended  that  %/(pb  /2V)  he  used,  but 
modified  to  the  extent  that  the  helix  angle  response,  pb/2V , should  not  be  con- 
sidered/ a steady  state  value  but  a maxi,—  value  which  can  be  obtained  with  max- 
imal available  aileron  deflection. 

(c)  EffiECTKKAL  OORBQL  FEEL 

Directional  control  feel,  in  the  popular  use  of  the  expression,  is  tbs  side 
slip  response  of  the  airplane  to  rudder  pedal  fores  input,  lbs  word  "directional* 
in  this  a mass  not  be  interpreted  to  mean  the  direction  of  the  flight  peth 
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of  the  airplane,  but  rather  to  mean  the  direction  in  which  the  nose  of  the  air- 
plane is  pointed  with  reference  to  its  flight  path.  To  change  the  flight  path 
direction,  the  airplane  is  usually  banked  into  a turn,  which  implies  that  the 
aileron  is  the  primary  directional  flight  path  control. 

One  of  the  sain  purposes  of  the  rudder  control  ia  to  prevent  the  build-up 
of  sideslip  in  turning  maneuvers;  in  other  words,  the  rudder  is  primarily  need 
to  keep  the  nose  of  the  airplane  directed  along  the  flight  path. 

Because  the  rudder  is  a secondary  control  when  compared  to  the  elevator 


and  aileron,  the  directional  control  feel  problem  is  not  as  serious  as  the  prob- 
lem encountered  In  longitudinal  or  lateral  control  feel* 

The  physical  setup  of  the  directional  control  system  further  reduces  the 
problems  of  directional  control  feel*  It  is  conventional  practice  to  use  ruddmr 
pedals  for  directional  control.  Since  the  pilot's  legs  are  very  powerful,  high 
directional  forces  are  tolerable.  Furthermore,  since  the  legs  are  nob  r&tj 


sensitive  to  email  forces,  centering  springe  can  be  succesaffcUy  used  in  the 
rudder  control  system  to  marie  the  system  friction. 

For  directional  control  feel,  the  pilot  wants  a steady  state  aMssUp  in 
response  to  a constant  applied  rudder  pedal  force.  For  positive  directional 
stability,  a right  rudder  pedal  push  force  produces  a left  sideslip  and  con- 
versely. 

A typical  curve  of  rudder  pedal  force  versus  steady  state  sideslip  angle 
is  shown  In  Figure  II-ll.  When  the  slope  of  the  curve  is  as  shown  ia  this 
figure,  the  airplane  is  said  to  possess  rudder-free  static  stability  because, 
if  the  pilot  did  not  apply  tbs  rudder  pedal  force  necessary  to  aaitta&n  the 
sideslip  angle,  the  airplane  would  tend  to  return  to  aero  sideslip  of  Its  own 
accord.  Evidently,  not  very  much  importance  has  been  placed  on  the  value  of  the 
gradient  of  pedal  force  versus  sideslip  angle  in  the  peat.  Pilots  seen  to  he 
satisfied  if  the  gradient  is  in  the  proper  direction  and  if  the  aruimmi  pedal 
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Is  kept  within  their  physical  capability*  However,  it  nut  be  realised 
gradients  which  are  tco  high  will  induce  pilot  fatigue  in  codbat  maneuver^ 
■ad  gradients  which  are  too  low  create  oversai  sitivity  in  directional  eon - 
naHng  it  difficult  for  the  pilot  to  coordinate  turns  and  perfom  preci- 
saneuvers*  Another  important  aspect  is  that  a gradient  which  is  too  low 
pewit  tbs  pilot  to  inadvertently  sideslip  the  airplane  to  large  angles 
at  high  speeds,  which  may  cause  structural  failure  of  the  vertical  tall* 


Figure  n«H*  Typical  Rudder  Pedal  Force  versus 
Steady  State  aidawHp  Angle 

Figure  U-12  indicates  a proposed  desirable  nonlinear  curve  of  rudder  pedal 
force  versus  steady  state  sideslip  angle*  A high  gradient  around  * aro  sideslip 
is  desirable  for  good  centering  characteristics.  A less  steep  gradient  is 
desirable  for  interne diets  sideslip  angles  to  daisy  idiot  fatigue.  A very  high 
gradient  at  Ugh  sideslip  angles  is  deel  ruble  to  prerent  Inadvertent  overstress- 
ing of  the  vertical  tall* 

la  Figure  H-12,  tbs  prohlan  arises  of  selecting  the  proper  veins  of  , 
tbs  sideslip  angle  at  which  tbs  high  gradient  begins*  Ibis  high  gradient 
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breakpoint  should  probably  occur  at  loir  nines  or (3  irhen  the  atr^-sne  is  Hying 
at  high  dynamic  pressures  because  tbs  vertical  tail  load  is  proportional  to  the 
product  of  dynamic  pressure  and  /3 , Consequently,  a possibly  better  abscissa 
to  be  used  in  Figure  II-12  is  gfl  , rather  than  j3  alone» 


Figure  H-12.  Desirable  Rudder  Pedal  Three 
Steady  State  Sideslip  Jngla 


ssmoi  3 - fjctors  anmm  jorums  bspobi 

In  this  section  the  basic  sirfrase  block  nUl  be  itt  acuaeed.  Ibis  is  the 
■oet  important  of  all  the  blocks  nrirlng  up  the  control  feel  ays tan*  Moat 
tbs  problans  of  control  feel  design  arise  because  of  aha  various  inherent 
acteristica  of  the  baaie  alrfrae.  It  is  not  profitable  to  go  into  groat 
becanae  each  airplane  differs  fra  the  others  and  has  its  own  particular 
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The  purposes  of  this  section  are  to  point  out  some  of  the  Important  factors 
which  affect  the  airframe  response  and  to  show  how  these  factors  can  produce 
wide  variations  in  response  over  the  flight  regime  of  any  given  airplane. 

The  discussion  to  follow  concerns  the  airplane  response  to  control  defleo- 
tiona,  and  does  not  concern  control  forces.  Feel  forces  are  not  discussed  at 
this  point  because  these  forces  depend  not  only  on  the  airplane  response  but 
also  on  the  particular  elements  comprising  the  feel  system,  thus  creating  far 
too  many  variables  for  a general  discussion.  However,  the  control  force  response 
curves  ":an  be  visualized  if  it  is  assumed  that  a simple  spring  gradient  relation 
exists  between  control  deflections  and  control  forces. 

(a)  ICKGITUDINAL  RESPONSE 

ELEVATOR  ANGLE  VERSOS  EQPmBRUM  SPEED 

e 

One  of  the  most  troublesome  aspects  of  the  stick  force  versus  equilibrium 
speed  problem  is  that  an  unstable  gradient  of  elevator  angle  to  trim  occurs 
over  a certain  Mach  number  region  for  most  present  high-speed  aircraft.  Figure 
H-13  shows  a curve  of  elevator  anvle  to  trim  versus  Mach  number  for  * typical 
swept  wing  airplane  configuration. 

The  unstable  slope  occurs  in  the  transonic  region  and  is  associated  prima- 
rily with  the  aft  shift  of  center  of  pressure  on  the  wings. 


Unstable  Slope 


Mach  Number 


Figure  IX-23.  Typical  Curve  of  Elevator  to  Trim  versus  Mach  Number 
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Tha  degree  of  Instability  depends  upon  the  Ming  and  tail  configuration  of 
the  particular  airplane,  but  in  general,  it  is  more  severe  for  straight  wing 
airplanes  and  is  less  severs  for  delta  wing  aircraft.  In  most  eases,  it  appears 
that  the  lower  t’\e  aspect  ratio  of  the  wing,  the  less  severe  the  degree  of  the 
unstable  slope.  Pilots  usually  refer  to  this  unstable  slope  region  as  the  "tuck1* 
region.  Consider  the  case  of  increasing  the  trim  Mach  number  in  Figure  11-13. 
Starting  at  s low  Mach  mber,  the  pilot  met  apply  sore  and  sore  down-elevator 
(uore  elevator  stick  push  force)  to  Maintain  level  flight  as  the  Mach  writer 
gradually  increases.  Ibis  leads  to  good  control  f eel.  However,  near  the  tack 
region,  as  the  pilot  cant  luges  to  apply  acre  down-elevator,  the  airplane  will 
nose  down  and  diva  because  the  pilot  is  applying  sore  dom-elevator  than  is 
required  to  trim.  This  nosing  down  tendency  is  referred  to  as  "tmek-undari" 

Mow  consider  the  case  of  decreasing  the  trla  Mach  nunber  starting  Arc*  tom 
supersonic  value.  In  this  case  tha  pilot  mat  keep  applying  more  up-elevator 
(note  pull  stick  force)  as  the  trim  Mach  nriber  decreases  until  the  tuck  region 
la  encountered.  If  the  pilot  maintains  the  up-elevator  trend,  the  airplane  will 
nose  up  and  pull  positive  normal  acceleration.  This  effect  is  referred  to  as 
"tuek-cp."  Therefore,  it  is  seen  that  a "tuck-under"  is  associated  with  am 
increasing  trim  speed,  and  that  a "tuck-up*  is  associated  with  a decreasing  trim 
speed.  The  tack  region  or  region  of  unstable  dope  is  of  course  undesirable, 
especially  if  the  airplane  is  designed  to  cruise  in  this  Mach  region  because 
tha  airplane  will  always  tend  to  diverge  Aram  its  trim  speed. 

However,  pilots  evidently  tolerate  this  situation  as  long  as  the  airplane 
possesses  maneuvering  stability,  i.e.,  a stable  stick  fores  per  g gradient. 

There  is  a possibility,  bowiver,  that  a oonbinatioo  of  a severs  took  region  and 
a low  stick  fores  per  g gradient  can  be  of  serious  consequence,  for  example,  in 
the  case  of  a dive  recovery,  where  the  Mach  number  is  decreasing  and  the  tuck-up 
region  is  suddenly  encountered.  Here  the  possibility  of  structural  failure  is 
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imminent  because  the  airplane  may  be  subjected  to  large  positive  normal  accel- 
erations. 

Another  aspect  of  the  stick  force  versus  equilibrium  speed  problem  is  the 
rapid  rise  in  the  slips  of  the  elevator  to  trim  curve  for  very  low  Mach  numbers, 
i.e.,  for  landing  as  shown  in  figure  11-13.  This  situation  usually  creates  s 
control  feel  design  problem  in  artificial  feel  systems  if  a mechanical  spring 
is  used  to  create  stick  force  proportional  to  elevator  deflection.  Since  lsrgs 
elevator  deflections  are  necessary  for  landing,  undesirably  high  landing  stick 
forces  will  result. 

ELEVATOR  ANGLE  PER  CHANGE  IN  LOAD  FACTOR 

One  of  tbs  ■»<»!  factors  which  affect  the  steady  state  maneuvering  response, 
A , of  a high-speed  airplane  is  Mach  number.  Figure  IX-1A  illustrates 

that  a drastic  increase  in  elevator  angle  per  g occurs  when  passing  from  tran- 
sonic to  supersonic  Mach  numbers.  This  large  increase  is  das  to  the  combination 
of  the  increase  in  the  inherent  static  stability  of  the  airplane  and  the  reduc- 
tion of  elevator  control  effectiveness.  If  the  ordinate  is  in  terms  of  stick 
fores  per  g and  if  *easonable  values  of  stick  force  per  g sore  selected  for  the 
subsonic  region,  intolerably  high  values  of  stick  force  sight  ocour  in  tbs  super- 
sonic region. 

As  shown  in  Figure  11-14,  the  center  of  gravity  position  is  important,  la 
its  relative  effect  is  small  in  comparison  with  the  Mach  effect* 


Although  the  basic  trend  of  this  curve  with  Mach 


is  essentially  the 


same  for  all  airplane  configurations,  the  severity  of  the  change  in  A^An  is 
definitely  a function  of  the  wing  and  tail  configurations.  Straight  wing  air- 
craft show  the  largest  and  most  abrupt  changes  with  Mach  number;  swept  wing  air- 
planes show  less  severe  effects;  and  delta  wing  planfoms  show  tbs  least  over- 
all  change,  and  in  comparison  with  other  wing  configurations,  this  change  occurs 


gradually  with  Mach  number. 
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The  large  changes  in  elevator  angle  per  g over  the  entire  flight  regime  of 
a given  airplane  constitute  one  of  the  major  problems  of  control  feel  design* 
This  is  especially  alguific&nt  becawss  the  longitudinal  criterion  sf  sttA  farce 
per  g is  probably  the  most  important  criterion  to  be  met  far  satisfactory  feel 
characteristics* 

Another  asp  see  of  the  elevator  angle  per  g problem  is  the  rapid  change  in 
the  elope  of  the  curve  for  very  low  Haeh  numbers  as  ahem  in  Figure  H-14;  !«•«, 
large  elevator  deflections  are  required  to  produce  load  factor  changes  in  thin 
region.  This  creates  a problem  for  any  artifieal  feel  system  which  has  a nnrhan 
ical  spring  as  the  force  producer.  However,  the  rapid  rise  in  the  4S, /An 
curve  at  low  Mach  numbers  is  not  as  seven  a problem  as  is  the  rapid  idee  is 
the  elevator  to  trim  curve  since  in  practice  it  is  seldom  necessary  or  possible 
to  pull  much  load  factor  at  low  speeds* 

(b)  LATERAL  RESPONSE 

The  most  Important  factors  influencing  lateral  response  characteristics 
are  Mach  number  and  aeroelasticity.  Figure  H-16  shows  a curve  of  rolling  veto 
ity  response  versus  Mach  number  for  two  altitudes*  The  same  response  is  pre- 
sented in  two  different  forms:  actual  rolling  velocity  per  unit  aileron  defies 
tion  in  Figure  II-16  (a)  and  non-dimenslocal  rolling  velocity  (wing  tip  helix 
angle)  per  unit  aileron  in  Figure  H-16  (b).  For  each  of  these  curves  it  is 
assumed  .that  the  aileron  deflections  are  small  enough  that  a steady  state  rail- 
ing velocity  response  is  physically  realisable* 

These  figures  bring  out  the  fact  that  there  is  an  approadastaly  linear 
increase  in  rolling  velocity  with  Mach  ooeber  in  the  low  subsonic  range*  This 
effect  originally  prompted  the  definition  of  the  non-dimensional  rolling  valno- 
ity  parameter,  pb/ZV  t which  gives  a single  rolling  response  criterion  far 
different  airplane  configurations.  Eotioe  that  this  linearity  starts  breaking 
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The  response  curves  given  in  Figure  11-16  implicitly  unw  tbit  a steady  state 
rolling  velocity  is  obtainable  and  that  this  steady  state  velocity  response  is 
linearly  proportional  to  the  aaount  of  applied  aileron*  However,  enter  the  use 
criterion  the  narlsaa  attainable  rolling  velocity  is  the  important  parenster* 
Since  aagjaaa  attainable  rolling  velocity  is  a direct  function  of  mmlans  attain- 
able aileron  deflection  , it  is  seen  that  control  power  available  it  a very 
important  factor  in  lateral  response  characteristics*  Figure  33-17  Asms  the 
effect  of  available  control  power* 


Figure  II-17*  Effect  of  Available  Control  Power  to  Aileron  on  lolling 
Response  of  a Typical  High  Speed  Airplane 
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SECTION  4 . ARTIFICIAL  FEEL  DEVICES 

This  section  presents  a brief  discussion  of  sees  of  the  coonon  artificial 
feel  devices  in  use  today.  The  discussion  Includes  a short  physical  description 
of  each  device,  a statement  of  its  purpose,  an  account  of  how  it  affects  the 
feel  characteristics  of  a typical  supersonic  airplane  in  light  of  the  feel  cri- 
teria presented  in  Section  n-2,  and  finally  en  appraisal  of  its  limitations. 
Most  of  these  devices  are  used  in  "natural  feel"  systems  as  wall  as  in 
fully-powered  control  systems,  Natural  feel  systems  are  those  in  which  all  or 
pert  of  the  aerodynamic  loads  on  the  control  surfaces  are  transmitted  directly 
to  the  control  stick  and  consequently  are  felt  directly  by  the  pilot.  Folly 
powered  control  systeous  an  those  in  which  all  control  feel  to  the  pilot  is 
lost  unless  artificial  feel  devices  an  wed. 

The  following  Illustrations  of  these  various  feel  devices  show  then  mounted, 
on  or  near  the  oontrd  stick.  This  is  dans  for  illustrative  purposes  only;  in 
actual  practice,  it  say  be  better  to  aount  these  devices  close  to  the  control 
surface  in  order  to  mlniatse  the  proUUas  of  flaadhility  and  backlash,  in  the 
control  feel  cysten, 

(a)  STHPL8  SPHIIO 

The  most  elementary  fores  producer  which  can  be  seed  in  artificial  feel 
systems  is  the  adatple  mechanical  spring.  Its  purpose  is  to  create  a stick 
force  proportional  to  control  surface  deflection.  Figure  11-18  (a)  shows  s 
seheaatie  of  a typical  staple  spring  installation,  lbs  slrtple  spring  defined 
ben  does  not  include  i preload.  Extension  or  retraction  of  the  trim  mechanise 
■ekes  it  possible  to  redoes  ti*  stick  fores  to  sere  regardless  of  the  stick 
(or  control  surface)  position.  Figure  ZX~18  (b)  gives  the  stick  fores  equation 
of  the  staple  spring,  showing  that  the  stick  fores  is  directly  proportional  to 
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tbs  control  surface  deflection;  Figure  Q-18  (e)  illustrates  this  relation, 
figure  11-18  (d)  shoes  the  block  diacran  representing  this  simple  spring  system, 
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(e)  CharoetarUtlm  (d)  Lawk  titftm 


Figur*  n-10.  Siafil*  Spring  in  XLavalar  Ccntrol  Offtm 
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Based  on  the  typical  responses  of  high-speed  airplanes  as  presented  in  the 
preceding  section.  Figure  11-19  shows  typical  control  feel  responses  of  an  air- 
plane using  a staple  spring  in  the  artificial  feel  system. 

It  is  seen  that  the  longitudinal  stick-free  static  stability  as  given  ty 
the  slope  of  £ versus  Mach  number  in  Figure  11-19 (a)  is  rather  poor.  The 
gradient  is  too  high  at  low  speeds,  indicating  a high  landing  stick  force,  and 
the  reversal  region  near  the  transonic  Mach  numbers  is  undesirable.  The  curves 
of  Figure  U-19(b)  show  a very  large  variation  of  stick  force  per  g over  the 
flight  egtae  of  the  airplane,  and  also  show  large  altitude  and  Mach  number 
effects  all  of  watch  are  undesirable.  Figure  n-19(c)  shows  an  appreciable 
decrease  in  lateral  force  feel  for  supersonic  Mach  numbers,  and  it  also  shows 
a large  altitude  effect.  Figure  H-19(d)  Shows  that  the  directional  feel  is 
acceptable  because  there  is  only  a relatively  small  increase  of  % /(-pbj£  V) 
as  Mach  member  increases  and  because  there  is  practically  os  affect  of  altitude 
on  directional  feel. 
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Figure  H-19.  Control  Feel  Curves  for  a Typical  High-Speed 
Airplane  with  a Staple  Spring  Only 
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In  asaoMij,  an  artificial  feel  systm  using  a ay'^g  only,  mould  probably 

C i 

qWblt  tot  poor  longitudinal  and  lateral  control  feel  characteristics  for  a 
typical  auperaonic  airplane.  However,  the  directional  control  fed  character- 
istics for  each  an  airplane  might  be  acceptable. 

(b)  tEXTflATffiD  SPfflBB 

The  presence  of  Motion  la  a control  system  prevents  the  control  stick 
and/or  tbs  control  surface  from  returning  to  a trln  position  when  external  forces 
are  moved;  i.e.,  friction  ereatee  poor  stick  centering  tendencies  In  a control 
sjetiM  G&a  of  the  ansi  common  purposes  of  a preloaded  spring  is  to  improve  the 
stick  cantering  characteristics  of  a simple  spring  artificial  feel  system. 

A schematic  and  the  characteristics  of  a preloaded  spring  systaa  are  shows 
in  figure  H-^20.  The  initial  staqp  gradient  of  the  f vereae  A&  carve  shows 
in  figure  Q*20(c)  indicates  that  a large  force  is  required  to  break  t(nj  from 
trim  position.'  If  tide  forcr  in  of  the  same  magnitude  as  the  friction  force, 
good  aalf-cantarlng  characteristics  can  be  assured. 

additional  nnnllmarltlea  In  tha  F Ttrua  aS  curve  can  be  crested  by 
wing  several  springs  praileadad  at  different  nines.  Figure  H-21  chows  a dom- 
bile  praloadod  spring  system.  The  characteristics  shown  In  figure  H-ZL(c)  may 
be  desirable  In  sows  centrol  easterns.  These  characteristics  aim 

1.  High  Initial  gradient  far  good  self-centering  characteristiea, 

2.  Moderate  gradient  In  the  intermediate,  or  maneuvering,  rouge  to  leeema 
pilot  fatigue,  mad 

3.  High  gradient  at  art  rase  deOectione  to  act  as  & warning  to  pilot. 

Because  of  the  nonlinear  force  gradients  in  preloaded  spring  systems,  it  in 

difficult  to  define  control  feel  characteristics  in  terns  of  our  existing  cri- 
teria aa  was  done  for  the  case  ef  the  single  spring.  1 practical  solution  to 
this  problem  is  to  approximate  the  nonlinear  force  gradients  with  an  eversgs 
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* Pilot's  Fore* 
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-Double  Fraloaded 
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— Ssall  Spi-ings 
(Ho.  1} 

r—  Trie 
/ Motor 


aS  = 0 for  F<P, 

--£=&  for  ?,<P<P, 

K,  1 


Ki  + Kr 
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for  P*<F<B, 


-large  Spring  (Bo.  2) 


F = Stick  force,  lb 


for  B|<  F 


(a)  SchOMttiB 


3 = Preload  force  of  aoall  springs, 
lb 

X,  = Spring  constant  of  snail 

springs  (including  stick-to- 
control  surface  gearing), 
Xb/deg 

B,  - Bottoning  force  of  snail 
spring,  lb 

• % = Preload  force  of  large  spring, 
i lb 


i Ij>  = Spring  constant  of  largo 

I spring  (including  stick-to- 

control  surface  gearing)  Ib/deg 


® = Pt- 


^ — Force  Trim 
Point 

(F_r 


Bote*  The  signs  of  P,  , Pt , and 

B|  take  the  sane  sigh  *»  P« 


(b)  Equations 
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Figure  H-ZU  Double  Preloaded  Spring  in  Herator  Control  Sjrsten 
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linear  gradient  and  then  to  use  the  existing  control  feel  criteria.  Using  this 
procedure,  the  control  feel  corns  for  a preloaded  spring  system  would  be  simi- 
lar to  those  shown  In  Figure  31-19.  For  a sore  detailed  control  feel  analjraia 
of  a preloaded  spring  system,  the  particular  airplane  and  the  particular  non- 
linear force  characteristics  of  the  feel  system  most  be  known. 

(e)  DOWKSPRDKJ 

The  downspring  is  used  to  iaprore  the  longitudinal  stick-free  statin  stabil- 
ity, i,e.,  the  stick  fores  to  trim  characteristics  of  an  airplane,  ty  effectively 
Increasing  the  gradient  of  the  curve  of  force  versus  JCach  ntaber.  lbs  device 
consist  a of  a preloaded  spring  which  has  a low  spring  constant  and  which  In 
attached  to  the  control  stick  so  as  to  produce  an  approximately  constant  pall 
force  which  ia  independent  of  the  speed  of  the  airplane.  The  pilot  experiences 
a force  Gross  the  downapring  as  indicated  ia  Figure  iI-Zu 

The  preload,  P t ia  usually  large  in  comparison  with  the  product  K&  ia 
order  to  prevent  excessively  high  stick  forees  at  law  speeds  where  large  ay- 
elevator  deflections  are  required,  lotlce  that  & is  to  be  distinguished  fraa 
& & as  used  elsewhere.  Here  & refers  to  elevator  deflection  fraa  a neutral 
position  whereas  A&  refers  to  sa  elevator  deflection  tr m a stick  force  txia 
position. 

The  downspring  primarily  affects  th*  stick  force  to  trim  curve,  and  it 
sets  to  increase  the  gradient,  as  ion  In  Figure  H-33.  One  objection  to  the 
nee  of  a downapring  is  that  a heavy,  unnatural  pull  force  ia  required  to  bold 
the  stick  back  during  taxiing,  take-off,  and  landing  operations  of  the  alrpilsne. 
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Figaro  11-23.  Typical  Xffeet  of  Doanspring  on  Stick 
to  Mi  totooo  Koofa  Ww. 


(d)  h-beluw 

Ono  nottaod  of  inprooing  tho  control  fool  characteristics  vith  a 


irhwlr  >1  fool 


out  that  is  constant  throughout  ♦ho  flight 


is  to  vso  a q-hoUoMO*  Instead  of  a spring  grodfc- 


of  tho  airplane,  tho  q-bollowo 


provides  a variable  spring  gradiont  that  is  a ftoctlon  of  Kach  so 
tads.  Tbaa  tha  q^fcallooa  can  ha  thought  of  aa  a aachanical  gala 


altlr- 


A typical  Q-toollowa  aystaai,  as  abons  la  Flgsre  USA, 


a stick 


fores  proportional  to  tho  prodtet  of  tho 


differential 


phx-gn  of  tho  bellowa,  p*~p  , and  tho  control  serf  oca  deflection.  The 
differential,  pt-p  , cm  bo  eonvanisBtly  asproaaed  la  tome  qf  4yamd* 
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F = Stick  force,  lb 

K = Gearing  constant,  etick-to- 
control  surface  ft2/deg 

(Pt-P^  Proacure  differential  across 
bellows,  lb/ft2 

Pt  = Total  pressure,  lb/ft* 

p = Static  pressure,  lb/ft2 

AS  — Control  surface  deflection 

fron  force  trim  position,  deg 


(a)  Schematic 

dP_  Function  (Mack 
*3J~  Vtatber,  Altitude) 


(b)  Equation 
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(d)  Block  Diagram 


Figure  11-24.  Tbs  q-Bellows  in  SlsTator  Control  System 
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itj tiw«  pressure  Is  a function  of  the  speed  and  altitude  at  which  tbs  airplane 
is  flying  sad  is  given  by  either  of  the  following  relations* 

f *jpu*  * •'/>*' 

is  the  dynamic  pressure,  Ib/ft2 
is  the  aabient  sir  density,  alnga/tt? 
is  tbs  true  airspeed,  ft/aee 
is  the  static  pressure,  Ib/ft* 

v*/  is  the  Mach  ranter 

The  ratio  /f~  is  primarily  a function  of  Mach  raster*  However,  in 
any  practical  bellows  application,  the  pressure  sensing  device  is  slnost  always 
located  within  the  pressere  Held  around  the  airplane,  in  which  case  the  pres 
sure  ***&*> "V  **  * function  of  other  variables,  such  as  angle  off 
attack  and  sideslip  angle*  Assuming,  however,  that  the  pressure  sensing  dsvics 
is  a conventional  pitot  tube,  and  neglecting  any  interference  censed  by  the  pres- 
ence of  toe  airplane,  the  ratio i»  then  s function  of  Mach  raster 
only,  as  shown  in  Figure  U-35.  For  supersonic  Mach  masters,  the  values  shown 
in  Figure  K-25  Include  the  pressure  lose  through  the  normal  abode  wave  ahead 
of  the  pitot  tote* 

Baaed  an  the  sane  typical  responses  presented  for  the  staple  spring,  the 
typical  control  feel  responses  of  a q-hellows  system  shown  in  Figure  H-26  can 
he  expected. 

Figure  H-26(b)  shows  that  the  use  of  a q-bellows  improves  the  stick  force 
per  g characteristics  for  low  Mach  ranters  by  bringing  the  altitude  curve# 
together  and  tgr  reducing  the  variation  off  with  Mach  neuter  for  very 
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low  Mach  numbers j however,  for  transonic  and  supersonic  Mach  numbers,  the  stick 
force  gradient  is  too  high*  One  method  of  decreasing  the  stick  force  gradient 
at  high  Mach  numbers  is  to  provide  a bellows  pressure  relief  or  cut-off  for  Ugh 
Mach  numbers*  Figure  H-26(c)  shows  a more  constant  trend  of  with 

Mach  number  than  did  the  simple  spring  system,  but  Figure  H-26(d)  shows  that 
the  directional  feel  characteristics  vary  with  Mach  number  and  altitude  in  a 
q-bollows  system*  However,  for  structural  reason*  (vertical  tall  loads),  the 
trend  of  higher  rudder  forces  for  higher  Mach  numbers  may  be  very  desirable* 


Mach  lumber *• 

Figure  11-25*  The  Ratio  of  Pres  rare  Differential  to  Dynamic 
Pressure,  (Pt  ~ P ) Al  , versus  Mach  Mnaber 
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Figure  H-26.  Control  Feel  Cants  tar  a Typical  lHg|i  8pet fl 
Airplane  with  a q-Sdloes  Only 


Tba  foregoing  diecnaeics  has  e'-'wn  that  a typical  airplane  with  an  artlr- 
control  fad  agretaa  Being  only  a q-bellove  ecnld  probably  exhibit  accept* 
»*!■»  lateral  and  directional  fed  characteristics;  it  wold  probably  exhibit 
acceptable  longitndlnal  fad  ebereeterlatics  if  editable  b*  Ilona  raliaf  an 
provided  at  aopereanie  Mach  aeebsrs, 

snesm.  ** 
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(•)  TBS  RATIO  CHARES 

ratio  changer  is  a mechanical  cleric*  for  providing  a variation  of  the 
•ticJc-to-elerator  gearing  constant  as  a function  or  Mach  nnafcir,  rltitude,  cer 
possibly  e<g.  position;  in  othtfr  words,  it  is  a *»ain  changer.  Mhoreas  the 
hallows  provides  “automatic"  gain  compensation  as  a function  of  the  flight  con> 
ditions,  the  ratio  changer  suit  ha  positioned  by  external  forces. 

The  aource  of  power  for  the  retie  chnger  can  be  either  the  pilot  or  a 
eervo  positioning  system  which  wees  a Maehester  and/or  an  eltiacter  for  sensing. 
The  e ervo*po  altioned  ratio  changer  requires  no  effort  on  the  pert  of  the  pilot} 
however,  this  feature  can  he  achieved  only  at  the  expense  of  lowered  y at  as 
reliability.  The  ot/tianae  system  as  conoeivod  at  present  would  probably  he  serve* 
positioned  with  provisions  for  a asrmsl  over-ride  in  ease  of  a eervo  failure. 

It  is  possible  to  incorporate  the  ratio  changer  into  any  type  of  feel  aye* 
tee;  however,  it  is  usually  considered  only  in  conjunction  with  a or  pre* 

loaded  spring  system.  Figure  H-27  illustrates  the  application  of  a ratie 
changer  to  a simple  spring  systaa. 

Usually  the  ratio  changer  is  need  in  the  longitudinal  system  only,  prlea* 
rily  to  provide  a stick  force  per  g which  la  constant  with  Mach  number  and  altfr- 
toda.  Figure  11*28  shows,  however,  that  if  the  % Jam  carve  is  node  constant 
with  Mach  number  and  altitude,  the  stick  force  to  trim  curves  nay  show  a mo re 
severe  unstable  slope  la  the  tack  region.  This  effect,  however,  depends  an  the 
particular  airplane,  end  in  sons  cases  the  application  of  a ratio  changer  may 
greatly  improve  both  % /An  aod  to  trim  carwa. 

In  cases  of  particularly  undesirable  lateral  control  feel  characteristics, 
a ratio  changer  nay  he  of  benefit  la  the  aileron  ooetrel  qpeten. 
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aS=  i 

F = Stick  force,  lb 

£ - Batic  changer  atick-to-control 

surface  gearing  (variable  ae  a 
function  of  Mach  nunber.  alti- 
tude, and  e.g.  position), 
dimensionless 

X = Spring  constant  (fixed),  lh/deg 

AS  — Control  surface  Inflection  Srm. 
force  trim  position,  deg. 


(b)  Xquation 


Pilot’s  Pores 


>> — High  Speed} 
low  Altitude 


~ — Puastina  (Mach  amber, 
sltitade,  e.g,  position) 


XliU 

US:  Airframe  | 

Mach  Humber 

Altitude 

e.g.  Position 

(4)  Block  degree 


(e)  Charaeterleties 
Figure  H-27.  Xatto  Changer  and  Siagila  Spring  in  Hsvator  Control  Spates 
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(b) 


Figure  n-28.  Control  Feel  Carres  for  a Typical  High-Speed 
with  a Ratio  Changer  and  Siwpla  Sparing 


(f)  BOBHETOHT 

The  boibwelght  is  a aiaple  Mechanical  devise  which  provides  a stick  force 
proportional  to  noraal  acceleration  and  thus  laprorea  Maneuvering  Heel.  It 
siste  of  a might  Mounted  on  the  control  stick  in  such  a way  that  it  tends  to 
cause  a forward  novanact  of  the  stick.  The  More  normal  acceleration  the  ^TP1— 
is  subjected  to,  the  sore  the  stick  will  tend  to  serve  forward.  If  the  pilot 
resists  this  pawns  at,  he  will  feel  a stick  force  directly  proportional  to  the 
incrensot  of  normal  acceleration. 

Figure  n-29  shows  a typical  aebsmatie  of  a bobveight  Installation  and  soan 
of  its  characteristics.  In  any  applications,  the  undsairable  stick  fores  ers* 
ated  by  the  bobweigbt  whan  toe  stick  is  in  a neutral  poaiticn  la  canoeled  ty  a 
bobweigbt  balance  spring* 

Figure  H-30  illustrates  a typical  control  fad  .response  with  and  without 
a bobweight.  It  is  scan  that  the  bobweigbt  Merely  increases  the  stick  fares 
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Figur#  n-29.  Bobwoigfat  in  KL«r*tor  Control  Sy*t«a 
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per  g toy  * constant  aaoont«  If  the  bobueisifc  balance  sparing  is  not  need,  the 
o'  a fco&6l*ht  to  * longitudinal  control  feel  ejstem  will  alee  change 
tbs  fi  to  trim  curve*  for  this  case*  the  bobweight  sets  like  e domjving  and 
tends  to  produce  a nore  stable  gradient  as  vu  show  in  Figure  H-2% 


Figure  31-30*  If f act  of  Ital  weight  cn  Stick  Faces  par  g 

There  is  one  greet  objection  to  the  nee  of  a botweigfrt  in  high  Speed  air- 
planes* It  nay  eaaee  poor  transient  ML  team  of  the  lag  h steam  aoenal 
acceleration  response  and  ncwnd  InpdU 

A precaution  that  met  W tlte  VMS  tejgdag  e hobwaigbfc  gaBBWQ.  feel 
systen  la  to  alinlnste  the  possibility  of  coupling  bates se  the  kMnl0  and 
airplane  natural  frequencies.  For  flight  at  high  speeds*  share  the  Iwgltafr 
nil  short  period  frequency  la  very  Ugh#  there  is  a definite  peeaUdlfty  af  ante 
a coupling  effect  ehleh  oould  result  in  nee  oaf curt  able  (and  perhaps  tettuma) 
pitching  oscillations  in  goaty  weather  flight*  Theae  poiata  ntes  it  sheer  that 
if  a bobeeigbt  is  to  be  Included  in  a control  feel  ayatefcthe  dyeeels  character 
istles  of  the  integrated  ayatan  met  be'ccreMlty  etedied* 
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(g)  CAMPER 

*be  r^rpose  of  the  dcaper  ia  to  provide  a a tick  f^rec  proportions!  to  tVj 
race  of  ' tick  aefloctim.  Mechanically  this  device  consists  of  a m»n  piifaa 
moving  ulthin  a cylinder  of  oil,  the  notion  of  the  piston  being  restricted  by 
oil  which  wist  be  forced  through  tiny  orifices  in  the  piston.  Vhen  the  pilot 
deflects  the  stick,  he  will  experience  a force  proportional  to  stick  (hr  eleva- 
tor) velocity*  A schematic  and  the  characteristics  of  a damper  system  are 
shown  in  Figure  11-31. 

The  damper  is  used  in  longitudinal  control  feel  systems  to  improve  the 
transient  feel  if  an  airplane  exhibits  unsatisfactory  transient  feel  character- 
i sties.  The  effect  of  a daaper  can  be  seen  by  referring  to  Figure  H-6,  where 
the  curves  in  Figure  H-6(a)  are  for  a control  feel  system  which  ham  a damper, 
and  the  curves  in.  Figure  II-6(b)  are  for  a system  without  a damper* 

The  damper  appears  to  be  a satisfactory  solution  to  the  transient  Ml 
problem,  but  it  has  several  drawbacks.  One  is  that  if  the  damper  effectiveness, 
A , is  selected  for  sene  critical  flight  condition  where  the  need  for  the 
daaper  is  greatest  —usually  in  the  transonic  region — it  will  probably  be  found 
that  the  daaper  restricts  the  maneuverability  at  other  flight  conditions  dws 
high  rates  of  elevator  motions  era  necessary.  In  other  words,  in  order  to  make 
a daaper  operate  successfully,  ths  damper  effectiveness  Bust  be  mads  a function 
of  Mach  number,  altitude,  and  possibly  c.g.  position.  Another  drawback  is  tbs 
difficulty  in  designing  a damper  which  can  operate  at  various  temperature  levels 
end  which  will  provide  sufficient  damping  for  ana  _L  stick  deflection* 

(h)  SERVO  SYSTEMS 

Most  of  ths  purely  mechanical  control  feel  devices  described  previously 
have  ths  rnwenn  failing  that  their  effectiveness  must  be  a function  of  flight 
condition  and  airplane  configuration. 
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yi  , 3«nt-d&y  feel  systems  incorporating  only  these  mechanical  devices 
witfcou*  aJsquats  "gain"  cani«3sation  as  e function  of  Kach  nunber,  altitude, 
and  e.g.  position  bare  not  been  entirely  satisfactory*  It  is  uureaaonaible  to 
expect  the  pilot  himself  to  provide  the  necessary  gain  functions  because  bis 
attention  say  be  required  elsewhere*  For  instance,  the  pilot  certainly  could 
not  be  expected  to  provide  compensation  to  the  feel  system  during  combat  manem 
vering  flight  tdiere  extremely  wide  Mach  number  and  altitude  changes  occur* 

To  provide  satisfactory  feel  characteristics  throughout  the  flight  regie* 
of  a supersonic  airplane,  it  is  becoming  acre  and  more  apparent  that  servo  sys- 
tems incorporating  automatic  gain  ccopensation  will  be  necessary*  There  are 
two  lines  of  approach  in  designing  servo  systems  into  an  airplane*  First,  suit- 
able motion  stability  augmenting  servo  systens  can  ba  added  to  the  basic  air- 
frame  block,  thus  creating  desirable  airframe  responses  to  pilot's  force  Inputs* 
in  entirely  mechanical  type  feel  system  may  then  be  adequate  to  provide  satis- 
factory control  feel.  On  the  other  hand,  if  the  basic  airframe  is  not  suitably 
augmented,  force  augmentation  In  the  feel  system  can  be  provided  by  a servo 
device*  In  many  cases,  because  of  the  complexity  of  the  problem,  servo  devices 
with  automatic  gain  compensation  will  probably  be  needed  for  both  motion  and 
force  stability  augmentation* 

There  are  many  ramifications  of  the  servo  type  artificial  feel  prodacer 
with  automatic  gain  compensation*  Some  are  of  the  open  center  hydraulic  type 
with  Kaeh  number  and  altitude  compensation  in  the  form  of  flow  restrictors* 
Others  are  of  the  electrical  slipping  dutch  type  with  appropriate  monitoring 
from  fetch  and  altitude  sensors*  Host  of  those  devices  are  specifically  designed 
to  meat  the  requirements  of  a given  airplane. 
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DESIGH  PBDCEHJRK 

sscnos  i - zsrsonccsr* 

In  Chapters  X and  H,  the  septraia  $3ee ante  or  the  pilct-airfr—  system 
wa»  briefly  discussed.  These  elements  were* 

1,  The  controlled  element  t the  basi  c airframe. 

2.  The  controlling  elements* 

a*  Sensing  and  actuating  element*  the  human  pilot* 
b.  Equalisation*  the  artificial  feel  system. 

The  artificial  feel  system  is  the  equalisation  for  the  complete  system  is 
accordance  with  tbs  definitions  given  in  Chapter  IT,  Section  1(a)  of  Bafmrenee 
*;  • First,  the  artificial  feel  system  is  almost  completely  alterable  within  the 
bounds  of  physical  realizability.  Second,  this  equalisation  Is  need  to  tie  the 
unalterable  controlled  and  controlling  elements  into  a well-integrated  functional, 
system  with  specified  system  requirements. 

The  purpose  of  this  chapter  is  to  outline  s method  far  designing  the  arti- 
ficial feel  system.  It  is  important  to  note  that  this  method  Is  equivalent  te 
the  one  used  by  the  various  agencies  when  the  specifications  for  flying  qsali- 
ties  were  established.  The  latter  method  involved  performing  extensive 
tests  of  many  airplanes;  the  method  to  be  used  in  this  chapter  accomplishes 
the  same  task  through  simulation  of  the  pilot-airframe  system  cm  the  ground. 

Section  2 presents  the  basic  concepts  behind  this  design  philosophy. 

Section  3 details  a program  for  cbUining  a solution  to  the  problem  by  means 
of  the  analog  computer.  In  addition,  some  of  the  quantitative  and  qualitative 
results  from  such  a program  are  included.  Section  k is  devoted  to  a brief 
discussion  of  the  physical  mechanisation  of  the  results  obtained  in  Section  3* 
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SE5H0S  2 - BASIC  CONCEPTS 


(a)  GMEAL  COTOIIffPJTIORS 

Tbs  Sasic  pilot-airframe  system  has  the  um  general  Torn  as  asy 
qst«u  This  fcr*  is  shown  In  Figure  HI-!* 


Figure  XU-1,  Functions!  Block  Diagram  of  Basic  Servo  System 


Replacing  the  functional  blocks  tgr  their  physical  counterparts  gives  the  block 
diagram  for  the  pilot-airfrmaa  system*  Figure  XXX-2t 
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Basie 

Airfrsms 

Artificial 
Peel  System! 


- Equivalsnt  llrfr—s 

(a) 


Bonn  Pilot 


Equivalent  Airframe 


System 

Bespona 


System 

Bespona 


Figure  m-2.  Functional  Block  Diagram  of  Basie 
Pilot-Equivalent  Airframe  System 


Figure  m-2  shows  the  artificial  feel  system  mid  tbs  baste  airframe  lumped 
together  as  one  block.  This  procedure  mill  be  Justified  later  in  the  chapter* 


« <*•  a -'M.  ,kv«<t 


"|  =■*•»  ■ f*--- 


! O 


naair.gr »;m>«5  ► -J 

*»  -" r ■'“••*■*►  ^ *fV* . 


'ctim  2 


»©> 


and  it  wLi  Srt'isar  aht-ct  Vu*  *«:*.  te  !•»  '->ii  uhlan  \j 


2y  si  „•■ ' ^ 

(b)  THE  CQRTBQUUB 


XT'  4ti  .1  ~i03fcft 


Consider  <w  ^he  longitudinal  dynamics  r>x  too  ajsten.  What  are  the  Inputs 
to  the  pilot?  The  only  stisuli  that  the  pilot  can  nee  far  flight  control  sen 
either  visual  ones  or  those  resulting  from  the  dynanie  forces  acting  on  Ids 
body.  Of  the  two,  the  visual  input  is  sore  useful  ss  an  aid  in  directing  the 


flight  path* 


The  visual  input  on  cone  froa  several 


the  horison  or  the  indications  on  the  cockpit 


i,  such  as  the  position  of 


that  the 


pilot's  visual  input 


froa  the  position  of  the  horison  end  Is  transadttad 


as  the  difference  between  the  desired  pitch  attitude  ^ and  the  actual  pitch  <f 
attitude  O m 

Corresponding  to  this  input  is  the  pilot's  output,  an  applied  fores  £ 
on  the  cockpit  controls.  The  block  diagrae  of  figure  m-2  is  that  revised 
as  shown  in  Figure  in-3* 


Pilot 


Equivalent  llvfr— 


Figure  m-3.  Pilot-Equivalent  Alrfraw  Systna  Mode 
Diagram  with  Pilot  Inpd 


The  pilot  applied  force  £ is  given  by 


(in-i)  £ - 


where  £ is  the  pilot's  transfer  function  relating  the  force  output  to  the 


visual  j— 
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Koch  experimental  work  has  been  and  is  being  dons  to  obtain  euitible  Ions 
and  ^alcus  for  the  pilot  transfer  function.  For  tbs  work  to  follow,  tho  trans- 
f«r  function  developed  by  ths  Goodyear  iircraft  Corporatise  is  used  (Reference 
3 )•  Kith  respect  to  tbs  fan,  this  transfer  function  has  been  found  ve  m 
reasonably  acceptable.  Ibis  font  is 

«®«  * - *•”($$) 


lbs  gain  tana  ie  largely  a function  of  experience,  fatigue,  and  tenseness. 


Under  normal  conditions,  the  pilot  will  adjust  hie  gain  to  beat  euit  the  rest 
of  tbe  system. 

The  factor  £*"  dsteralnea  the  Had  dead-tins  between  H;o  pilot*  a 
response  and  his  input  stimulus  (pilot*  a reaction  ties)* 

The  danoadnator  factor  lgS  + / is  a measure  of  the  pilot's  neuromuscular 
lag.  That  is,  there  Is  a lag  of  3 £ seconds  between  tho  time  the  pilot's 
response  is  Initistsd  and  approximately  95?  completed.  The  efCects  of  tbe  fixed 
dead-time,  or  reaction  time  delay,  and  tbe  lag  are  shorn  in  Figure  m-4  for  a 

step  function  stimulus. 

* 


Figure  m-4.  leaetton  Time  mi  Isawmecui  «t  lag  Xffsets 
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The  nunorator  tern  TfS  + I ia  a function  of  the  pilot’ c rate  jodgsent. 
The  significance  of  this  tens  esa  be  rioted  in  the  following  Banner* 


Through  experience,  the  pilot  knows  that  he  is  controlling  an  eleesot, 
the  airfrane,  which  has  s lag  Inherently  associated  with  it;  that  is,  the 
airfrane  output  notion  will  lag  any  comwnrt  input  that  the  pilot  'tranaad.ts* 
To  offset  this  lag,  the  pilot  subconsciously  controls  the  rate  of  his  input 
co— and  so  as  to  decrease  the  effective  airfrane  lag  as  best  be  cbu  This 
action  is  illustrated  in  the  idealised  Bode  diagram  of  figure  HI-5. 


Pilot  Bate  MgMt 


Orer^all  Systs* 


JLq 


U 


Bate  Judgaaufc 


Over-all  Syst— i 


Figure  HI-5*  Effects  of  Pilot  Bate  Jndgaent  on  Airfrase 


Figure  m-5  indicates  that  the  pilot  rate  Jodgaent  tens  decreases  the 
apparent  airfrane  lag,  thus  improving  the  systoa.  In  effect,  the  T,S  + I 
tern  acts  as  an  equaliser  in  the  ccaplete  closed  loop  sgrstaa. 

In  addition  to  the  ten*  discussed  above,  the  pilot  transfer  function, 
(m-2),  should  Include  a factor  alanlatlng  threshold  effects.  There  sans  tun 
types  of  thresholds  to  be  considered  in  sIshI  sting  the  pilot,  first,  there 


COlUTUL 


m-5 


Secticr  2 


i3  th*  p'^5f>?tual  thresh'd';  that  <8,  thsra  are  certain  values  rJT  stli^ar 
wUf**h  the  cannot  .<y  It-p-aC,  Abe****  *.Vj  •*■  *~"i  ihe  pil  . 

sense  the  stimulus  and  responJ  f - v-x-dingly.  This  is  shown  in  Figures  HX-6(a) 
and  ixl-6(b) . The  effects  of  this  type  of  threshold  can  be  minimised  by  mag- 
nifying the  presentation  on  the  cockpit  indicators* 

Th-  second  and  possibly  store  important  threshold  is  the  "indiffere  we 
threshold."  This  is  shown  in  Figures  HI-6(c)  and  III-6(d)*  For  any  stimulus 
within  the  threshold  range,  the  pilot  simply  does  not  care  and  does  nothing* 
When  the  st  exceeds  the  threshold  value,  the  pilot  then  responds  as  if 

there  were  no  threshold.  It  is  important  to  note  that  the  indifference  thres- 
hold occurs  at  the  pilot's  output  while  the  perceptual  threshold  is  an  input 
phenomenon* 


(a)  Perceptual  Threshold 


(c)  Indifference  Threshold 


Input- 
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Output 


Input—, 
end  / 
Output / 


-Output 


(b)  Perceptual  Threshold 


(d)  Indifference  Toreshold 


Figure  m-6.  Pilot's  Threshold  Effects 
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It  is  tnder&tcod  that  (HI-2)  may  not  give  & true  representation  cf  tba 
haaaa  pilot,  in  which  case  the  results  presented  is  tits  following  analysis 
be  in  error.  If  the  boom  pilot  transfer  function  were  known  exactly,  any 
analysis  using  'be  exact  transfer  function  would  give  correct  results.  However, 
the  aain  objective  of  tide  chapter  is  to  present  the  concepts  behind,  and  an 
Insight  into,  the  analytical  investigation  of  pilot-sirfrane  systems.  Until 
the  tins  when  the  exact  liman  pilot  transfer  function  ia  known,  (XU-2)  will 
serve  ee  a guide  for  future  studies, 

(e)  THE  GGHTKSJLED  ELBGKT 

The  equations  of  longitodlnel  notion  of  the  basic  eirfraae  are:  * 


(HP-3) 


{Forward  Acceleration 
Equation 


ir-Ue^a,-z„u.2^+2ie+g''S' 


je  =JVMu  * A(^r  * A^ar  + *£9  Acceleration 


Equations  (UI-3)  easune  that  tbs  elevator  is  the  only  control  available 
for  longitudinal  dynamics.  Ibis  assumption  win  be  carried  throughout  the  fol- 
lowing analysis,  and  the  efCecta  of  speed  brakes,  flaps,  and  throttle  will  be 


i,  (ni-3)  shows  that  the  elavator  affects  only  the  normal  end 
pitching  acceleration  equations.  Consequently,  any  augmentation  provided  fey 
the  equali  ser  through  tba  elevator  am  affect  only  the  2 and  M , or  nonaal 
force  and  pitching  nonent  stability  darlestives, 

Equations  (UI-3)  yield  the  characteristic  aquation  for  tbs  airframe  for 
elevator  deflections,  foie  agnation  is  of  the  fore  an 


(m-4)  A * As4*  Bs**  Cm**  Da  * £ 


• See 
m See 


4»  Equal:  - and  (m-24)« 

4,  Table  lu  • > . 
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The  relative  magnitudes  of  the  coefficients  are  neb  that 


(m-5)  * A « /!»*♦  Bs  * C)[s* * - ~T^-  * * 


The  first  and  aoeond  factors  in  (HZ-5)  describe  the  characteristic  longitudinal 
short  period  and  pbugoli  nodes  of  the  rirfrtse  respectively.  Squatica  (m-5) 
is  then  rewritten  as 


(m-6)  A **(s**  * *£) 

The  short  period  frequency  4^  is  wasslly  aneh  greater  than  the  jta «oit 
natural  frequency  . Far  subecnlc  aircraft,  the  short  period  is  nonsaUy 
well  daaped,  with  ^ ranging  frost  .5  to  1*  Bower,  the  pingold  Is  poorly 
danpsct  and  sonatinas  beccnss  unstable,  The  short  period  and  phugoid  natarel 
frequencies  and  daaping  ratios  arst  ** 

(in-7) 

* Reference  4>  Bquaticn  (m-38)« 

**  Kefercnee  k,  Table  m-4. 
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The  equalizer,  or  artificial  feel  system,  consists  of  the  force  stability 
mugmsnter  and  the  motion  stability  angnventer.  The  function  of  the  artificial 
feel  system  is  to  effectively  alter  the  equations  of  notion,  (IH-3),  so  as  to 


impress  the  dynamic  response  of  the  airframe. 

Consider  first  the  force  stability  augmenter.  The  force  producing  system 
applies  forces  to  the  control  stick  in  addition  to  the  forces  exerted  by  the 
pilot.  These  Harem  ere  functions  of  the  aircraft  output  quantities  which  are 
fed  Lade,  either  directly  or  Indirectly,  to  the  control  stick.  For  the  most 


general  case,  the  farces  can  be  expressed  as 


Cum) 


Is  the  total  force  applied  to  the  stick  by  the  force  producer 
Y%s  are  tbs  transfer  functions  relating  the  farce  outputs  of  the  force 
producer  to  the  inpat  quantities 

u , u , 0 , Qg  , and  3X  are  the  airframe  output  quantities  describing 
its  dynamics. 

These  force  feedbacks  should  be  examined  in  the  light  of  the  basic  purposes 
of  fbree  stability  augneaters  listed  in  Chapter  I.  Theee  ere  repeat*  d here  tor 


1.  tee  force  producer  oust  provide  the  pilot  with'-presaure  cues  of  the 
proper  magnitudes  end  from  the  proper  sources  to  allow  near  optimum 
flight  path  control. 

ttt- 


UfwtV- 
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2,  The  force  prcxSucsr  must  reduce  the  possibility  of  Inadvertent  destruc- 
tion of  tits  kirplsne. 

3*  ihrough  the  elevator  actions  nrouuocd  ay  tix  force  soarcos  under  hands 
off  flight  condition**  satisfactory  dynamic  stability  cast  be  provided* 

Consider  £u  . Since  U is  the  ehinge  is  forward  velocity  fro*  trim  qwd, 
the  force  Yuu  partially  satisfies  the  first  requirement*  Assume  that  the 
sensing  end  actuating  elements  which  produce  the  force  Yuu  are  perfect]  i.e*, 
they  contain  no  lags.  Then  the  transfer  function  £ can  be  replaced  by  a pure 
gain  term,  i J /Q^J  * the  algebraic  sign  of  mast  be  determined  from 
physical  con  el  derations* 

In  Figure  m-7,  £ and  £ are  the  forces  applied  by  the  pilot  mad  by 
the  force  producer  respectively.  The  positive  direction  of  force  is  m pall 
force,  corresponding  to  up-elovator* 
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Push,  Down-ELenratocr 


»F 

•Pull,  Up-Usvuter 


-f  lb  Heritor 


Figure  m-7.  Forces  Acting  at  Stidc  drip 


For  a statically  stable  airplane,  up-elevater  or  a pull  force  on  the  central 
stick  moot  be  supplied  to  decrease  speed]  l*e.,  £ gives  ~u  « To  provide 
the  pilot  with  the  ■feel*  that  be  is  decreasing  speed,  meat  set  am  the 
■tick.  Therefore,  £ and  u should  be  of  tae  same  ei*i,  or  £ » 


m-io 


.C6S::rt«m 


(?*«  Figure  UI-8). 


Figure  m-a.  Block  Diagiem  Representing  u Force  Feedback 

£ effectively  acta  against  the  pilot's  applied  force.  Then  the  net 
stick  force,  £ , is 

(ni-10)  £ - £ ~f. 


This  is  Illustrated  in  Figure  HI-9. 


fP  +<-*  ?* 


Figure  HI-9.  fln— rMra  of  Forces  Acting  on  Stick 


The  net  stick  force  acts  through  the  control  system  dynamics  to  give  sa 
elevator  deflection  • Denoting  the  control  system  dynamics  by  the  transfer 
fraction  , 

(m-11)  \-\fk 

If  it  is  assumed  that  the  control  system  dynmics  can  be  representad  by  s 
simple  linear  spring, 

(m-12)  ^ 
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Figure  m-lU 


Block  Wj*t«c  of  Figure  m-3  Modifled 
by  « Voeem  Feedback 


Substituting  (in-33)  into  (m-3)  yields  Dor  the  ewnesl  and  pitching  eeeelere- 
tlon  eqastlona, 

a,  - ZMu.*^r  * 

6 • M*u  * M^ur  * M+dr  + ALQ-AcfJ^e. 1st 
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(HI-15) 


>»  m fa.  7^)*  ♦ ® 

> ~ * M^ur  * M^ur  t M^Q 


Equation  (III-15)  shows  that  the  original  stability  derivatives  ^ and 
have  been  augmented  to  the  new  values,  Zu  ~Z^  {KUf  / ) and 
M„  - ) . This  augmenting  characteristic  of  the  force  producer 

leads  naturally  to  the  tern  "force  stability  augmenter." 

The  use  of  the  normal  acceleration  a,  as  a signal  for  the  force  producer 
satieties  the  second  requirement  j that  is,  the  force  at  the  stick  as  felt  tgr 
the  pilot  will  build  up  to  a large  value  as  large  load  factors  are  built  up, 
thus  acting  as  a warning  to  the  pilot. 

Vhan  a poll  force  (up  elevator)  is  applied  u>  give  an  upward  acceleration 
-a,  , the  reactive  force  should  increase  as  the  magnitude  of  the  accelera- 

tion increases.  This  reactive  force  is  -£>  • Again  assuming  that  the  trene- 
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far  function  ^ can  1 

i 

(m-16)  -Ff  - * 

M 

Tk 

a . 
1 

or 

f 

9 

X 

T * 

a 

* 

as  shown  in  Figure  HI-12. 

The  forces  , £6  , and  Q 3S  , which  are  respectively  proportional 
to  ths  rate  of  change  of  forward  velocity  from  triu,to  the  perturbation  pitch 
angle,  and  to  the  rate  of  change  of  normal  acceleration,  are  not  particularly 
usefbl  se  pressure  csss  to  the  pilot.  However,  the  quantities  u and  a,  are 
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Consider  the  d feedback.  The  elevator  deflection  for  this  fcrjback  i= 


(m-17)  5^  * ^d 


where  is  the  transfer  function  relating  elevator  deflection  to  d . 
ie  illustrated  in  Figure  111-13. 
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Figure  111-13.  Block  Diagram  of  u Feedback  to  Uevaboar 


Assuming  no  lags  in  1^  , 

(ni-is)  ^ - K&Jl 

SdBSTItuting  (HI-18)  into  (in-3). 


(m-19) 


s,  = Zuu  * Z^ar  + Z+9  * Z^K^u 
& " Muu  + M^ur  + M^ur  * M±9  + M^K^u 


Thus  U feedback  creates  two  new  stability  derivatives,  7^  and  • 

These  stability  derivatives  change  the  B , C , and  D coefficients  in  (HI-4)  to 


(m-20>»  C-  C ♦ «-  gMi) * MttKiJg - 

D'- O + 9(Mu,Zt'K<-Z^t,MKiJ 

* See  Appendix  for  derivations. 
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B*,  C'p  and  D*  are  tbs  ns*  coefficients.  B ,C  , and  Z>  are  usually 


porit*^* 


Denoting  B*  ,C\mA  D*i 


* B + AB 


(in-a)  c'  ~ C + AC 
D‘~  D + AD 


tte  ffengoil  gaadrattc  can  be  rewritten  as 

« ***  ■ > At] 


!(r 


IV  (DC~£SE)+CAD  * DAC  +ADAC  -BAB 

If  ** 

(s**  ) 


-LJ] 

C + AC\ 


Igaatina  (IH-22)  abo we  tint 


(XU-23) 


z<<  > *r,«^ 


*S  < < 


if  ABtAC  , mad  AD  an  podUt*.  Then  firm  tba  two  Inequalities  in  (HI- 23), 
it  can  be  Man  that  tf  > £ , thaw  lowing  that  u feedback  increases  the  pingoid 


Consider  now  the  U feedback.  Aa  in  the  a case. 
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(m-25)  A^tf 

for  t perfect  mnior  sod  tctutor  u shown  in  fljo*  IH“H« 


Sensor 


I Actuator 


Figaro  HI-14*  Block  Diegrm  of  u Feedback  to  Dontar 


Sctostitoting  (m-25)  into  (iH-3)» 


(331-26) 


a,  = *Z^ir  *2*0 

0 - ftf*  +M^K*Ju  * Mmar  * M^ur*  Afc0 


gqaetione  (HI  26)  show  the  aogemtirg  rain*  of  u feedback,  ^»d» 
nwfatlfm  is  sest  useful  for  allarinitlng  the  tack-aader*  ItadMfnder  ee 
etam  the  F coefficient  of  (XH-t)  becones  negative,  in  which  ecse  4y 
an  imaginary  mzatoer.  F Is  given  Ig 

(XH-2?)  £ - gfeuWr  ~ Mu 2") 

HiMi  the  a&gaented  values  of  and 

(SKI)  f'-  □ 

* g [?„  ^ * 9 ~ 

eft  /jf 


B11L 


in-i? 


“«<— * s'*f  V ,* 


By  making  ths  proper  choice  of  , £*  can  be  made  positive,  thus  naming  (tinf 
* T%fH  nrsber  end  eliminating  the  tuck-under  tendency. 

. Since  the  elevator  deflection*  caused  by  the  motion  stability  augaenter 

'**•*■. 

ere  superiaposed  on  the  elevator  deflections  caused  by  tits  pilot  or  the  force 
stability  augncnter, 

(m-29)  ^ ^ \ 

% is  the  total  elevator  deflection 

^ is  the  elevator  deflection  ceased  by  the  pilot  end  th»  force  stability 

mgeantsr 

S(^  is  the  elevator  deflection  ceased  by  the  notion  stability  angnenter 
figure  XU-12  should  sow  be  further  modified  to  Include  the  elevator  contribu- 
tion fra*  the  a and  U motion  stability  augasntation  feedbacks. 
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Vary  little  change  occurs  in  airspeed  daring. r"  - ';  short  period  node,  cod 
consequently,  neither  u nor  u feedback  sill  here  such  effect  on  the  abort 
period.  However,  large  variations  in  5,  end  «,  ere  exhibited  in  the  short 
period,  and  these  quantities  give  excellent  control  of  this  node* 

The  elevator  deflections  erased  by  and  a_.  feedback  are 


(m-30) 

Again  teaming  perfect  sensors  and  actuators, 

(tn-3U 

This  aognentation  of  the  elevator  notiona  by  a,  and  i, 
lng  changes  in  the  coefficients  of  (UI-4}v 


the  fhTlrar 


(m-32)  A*  - A,sr+  As* + £3*  * C3*  *£>*  + £ 


A - A 

A*  » A * AA^+AA^ 

&•  B*  AB^+ABi' 

C* *•  C *AC^*  ACj^ 

O'*  D+ACL'  + AQ^ 

Iota  that  the  order  of  the  character!  at  Is  aquation  is  increased  and  that 
the  £ coefficient  is  anchmgad*  To*  augeotrted  coefficients  from  the  a,  and 
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Zs  feedbacks  axe 
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im-33)* 


(m-30 


AC*,  * Z^fe^-z^xj- HJ.U.2, 

*Q>.  *V«,&  -x.KbK  s]  k/VL,  -xt„zj'4s] 

" * *4#  f 


a,  -V'V. 

^.”V\.A*''tVrVr* 

SB 

^-z,Ki%L(*j*;K*0-<9 3*  q/qlfi(xA,-x^)  *z»g\ 

Equation  (IH-7)  shows  that  the  abort  period  frequency  and  damping  ratio 


**  “z^ 

Ef  the  proper  choice  of  and  in  (HI-33)  and  (1X1-34),  it  is  possi- 
ble to  increase  while  holding  Xxm  constant  or  increasing  it* 

The  complete  generalised  bio  ok  diagraa  of  the  pilot- airframe  system  is 
shown  in  Figure  111-16, 


* See  Appendix  for  derivation. 
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Figaro  HI-14.  Ganeralixad  Block  DUgroa  of  Pilot- 
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All  pertinent  equations  «re  wn—orlTort  bon  for  cooosaiancs. 
9»e  controller  (the  pilot)? 

(ni-35)  Xin(jj77}* 

9m  eqnallsert 

9m  fore*  Btcidlity  angnsutlag.  sy»t« 

[$-«-£ 
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(m-36) 

(Coot.) 


* * **•?* 
% * *7  £ 


The  notion  stability  augmenting  system 


(m-37) 


5,  - S,  * S. 


$fc“  S'«  ' %S  ' s<i,'  StJt 


$«  - *<-“ 

V v» 

S"*& 

The  controlled  element  (the  "dr  frame): 


£ * Xaa  * X^OT  - q& 


(m-38)  or  - 11$  « s,  - Z**  aZ^v  ♦ Z*0  * Z%Jy 

9 * * M^ur  fivf^ur  * M$&  + M& 

(e)  THE  EQUIVALENT  AIRFRAME  AND  EQUIVALENT  STABUJTI  DERIVATIVES 

In  Figure  HI-16,  the  combination  of  the  equal! ting  system  and  the  oom- 
trolled  element  are  referred  to  as  the  equivalent  airframe.  This  is  the  equiv- 
alent airframe  indicated  in  Figure  HI-3*  The  equations  of  the  equivalent  air- 
free  can  be  derived  from  Figure  HI-16  or  from  Equations  ( HI-35),  (HI-36), 
(m-37),  and  (HI-38). 
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Frcn  (UI-36)  end  (HI-37),  the  total  aleTator  deflection  Se  Is 


(HI-39) 

or  denoting 

alone. 

**  the  elevator  deflection  ^ 

(m-40) 

(IH-4Ca) 

SahetltnMng  (HI-40)  into  (IH-38), 


u * XMm  * tmur  - gO 


(ih-*i) 


The  equations  (ITI-41)  are  the  equations  of  action  of  the  equivalent  air- 
txwoMm  It  is  vdtb  respect  to  this  equivalent  airframe  that  optimum  design  la 
attracted  That  is,  the  responaea  u ,ur,  & , etc,,  aunt  be  optimised  bearing 
in  ■*"«*  that  the  input  to  the  equivalent  air  frame  is  ^ , or  more  exactl/  ^ $ 
the  pilot’s  fores  ontyU 
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The  augmented,  or  equivalent  stability  derivatives  are  sunaarised  in  Table 
III-l.  Note  particularly  that  the  relationship  between  the  augmented  M end 
2T  derivatives  are  given  by  the  constant  Ktm  M^/2^  j that  ±a, 

Atf  - *,2l 
Mi  - KZ 

(ni-42) 

M^K,2h 
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Table  HI-1*  Equivalent  Stability  Derivati 
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Then  (HI-41)  is  aiaplified  to 


u-  Xu  u * X^ur  - gQ 


(m-43)  " a9  a ?<u  * 1*rUJ+ZiQ+2sSei+  fe'u  *2tiu  +24at  + 2^4) 

9 * +M±ur  ' Mi6’U,fcK,fa  . qt,) 

Examination  of  (HI-43)  shows  that  the  only  variables  over  which  the 
designer  has  any  great  degree  of  control  are  t ^ ^ 

for  the  particular  exanple  chosen.  These  five  variables  define  the  equalising 
artificial  feel  qysten.  Therefore,  the  problem  of  control  system  design  reduces 
to  that  of  adjusting  these  five  parameters  so  that  optimal  over-all  system 
response  is  obtains!. 

The  number  of  variable  parameters  and  the  cuqplexity  of  the  many  d*»rtn<"g 
equations,  such  as  (HI-4),  (HI-7),  (m-8>,  ( 111-20),  (111-2*),  (m-33),  and 
lin-34),  seem  to  indicate  that  the  design  problem  is  not  a simple  one.  An 


at-asq*  si  solving  the  problem  through  paper  analysis  will  undoubtedly  prove 
this  to  be  true.  Therefore,  the  problem  is  best  solved  by  making  use  of  analog 
coagntmrs*  Using  this  method,  it  is  only  necessary  to  vary  the  values  of  the 
components  corresponding  to  2^  , 7-  , 2^  , 2^  , and  until  the  best  sys- 
tem response  is  observed  on  tbs  computer  recorder’s* 

SECTIQH  3 - THE  ANALOG  CCNPUT31 

lbs  system  equations  to  be  set  up  on  the  computer  are  (IH-2),  (m-40a), 
and  (m-43).  To  reduce  the  number  of  variable  potentiometers  in  the  computer 
investigation,  (HI-43)  can  be  further  aiaplified  as  shown  in  ( HI-44), 
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(m-44) 


a *X*tf  *X^ar  -qO 

* + (4+%)e  + W+  4— 

O * Mua+M(trar  + M^ir  + M&Q  + KtKm 

a,*  ur  - ud 


A 


K^Zjt+Ziu*  Z^Og  * Z^ig 


The  computer  circuitry  for  the  above  equations  is  drawn  la  figure  XU-1?, 
notice  that  since  the  potentiometer  settings  far  the  basic  sir fr sea  stability 
derivatives  are  pnsdetendned  by  the  particular  airframe  configuration  chosen, 
the  nunber  of  variable  potentiometer  settings  is  only  fbmr. 

Furtheraore,  it  is  know  that  two  of  these  potentioaeter  settings, 
and  • ordinarily  affect  only  the  phugoid  response;  occasionally  they  way 
have  a alight  influence  on  the  short  period  node  when  the  frequencies  of  the 
two  nodes  are  not  greatly  separated.  Also,  7^  end  Z^  are  chiefly  short 
period  augmenting  variables. 

The  analysis  made  above  atoowsthat  the  ccnplezity  of  the  problem  as  orig- 
inally presented  can  be  greatly  reduced  by  making  uee  of  equivalent  stability 
derivatives  and  analog  computer  aimLatinn.  The  analog  computer  program  for 
the  solution  of  the  problen  is  straightforward  and  is  presented  briefly  below. 

Figure  HI-U!  is  the  tine  history  of  a typical  airframe  distorted  by  a 
gust  of  wind.  The  sirfraae  parse*  Lera  are  given  in  Table  1 H-2  far  this  par- 
ticular condition. 
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Uo  = 674 


*«  = -.0099 


**u  = .00276  C=  .0169 


M»r  = -.009 


*«  = -.122 


*fc-r  .00018  *«*■=  -102 


— —2.83 


-8 


^ = 1B.02  47.5 


Table  m-2.  Airframe  Parameters  Used  in 
Figures  111-18  through  m-27 


The  time  histories  show  that  for  this  configuration  the  ■iiffr— n short 
period  mode  Is  well  damped  whereas  the  phugoid  node  is  poorly  damped.  The 
phngold  period  is  approximately  50  seconds.  It  is  known  that  a pilot  can  usu- 
ally control  oscillations  of  this  type  with  little  difficulty. 

Figure  HI-19  is  the  time  history  of  a pilot-basic  airframe  combination#* 
The  shape  of  the  6 response  indicates  that  some  sort  of  augmentation  is 


* Ordinarily,  for  a step  Bref  command  input,  the  "ccmputs  switch*  of  the 
analog  computer  is  turned  on,  and  the  step  function  is  introduced.  However, 
on  the  particular  -equipment  used,  this  method  gives  rise  to  switching  transients# 
To  avoid  these  transients,  the  step  function  is  applied  before  the  "compute 
switch"  is  turned  on.  Because  of  this,  the  initial  values  of  the  traces  for 
0e  t £ , and  4>  are  offset  from  the  usual  zero  reference  linej  i.e., 
az(o)  *o  ,£(o)+o  , and  £«> (o}4o . 

This  means  that  initially,  the  pilot  is  applying  a control  force  creating 
an  error  in  pitch  attitude.  At  some  instant,  t *0  , the  pilot  receives  a 

ccam&nd  to  reduce  this  error  to  aero.  In  the  steady  state,  never  reaches 
aero,  i.e.,  6tti  to  , because  tha  system  ie  not  a zero  position  error  systen 
and  because  of  the  threshold  and  deadband  effects  incorporated  in  the  circuit# 
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required  to  eliminate  the  large  drop  in  & • The  effects  of  augmentation  win 
be  shown  in  another  example,  but  for  the  ascent,  consider  the  influence  of  the 
pilot  on  the  system  dynamics. 

The  pilut  transfer  function  was  given  as 


The  computer  circuitry  for  this  transfer  function  is  indicated  in  Figure  XU-20. 
Provisions  are  mads  for  variation  of  K and  Z since  these  constants  are  most  . 
apt  to  vary  from  one  pilot  to  another.  The  pilot  indifference  threshold  mod 
a c .trol  system  deadband  era  also  included.  The  time  histories  in  Figure 
II 1-19  are  for  /f  * 2411/rad.  and  Z * 0.  Setting  Z~  0 signifies  that  the 
pilot  la  flying  strictly  by  position,  i.e,,  by  the  magnitude  of  G£  , and  la 
not  using  the  rate  of  ehange  of  • 

Figure  XT  1-21  shows  the  effect  of  using  some  rate  Judgment  [Tt  = 1 js  The 
most  significant  effect  is  a slight  decrease  in  the  short  period  damping  ratio. 
This  is  even  more  evident  in  Figure  XU-22  where  the  rate  Judgment  time  coa- 


st-ant  has  been  made  equal  to  2.  The  plot  of  normal  acceleration  aM  shows  that 
the  short  period  oscillation  is  not  completely  damped  until  5 or  6 cycles  haws 
been  completed.  The  decrease  in  damping,  indicates  that  tbs  pilot  is  tending 
to  overcontrol  the  system  at  short  period  frequencies. 

Figure  XU-23  shows  that  increasing  % to  3 seconds  has  a drastic  offset 
on  the  short  period  response.  The  t~mo  histories  indicate  that  the  pilot, ia 
attempting  to  control  the  motions,  overcontrols  the  short  period  mode  and 
builds  up  tha  abort  period  oscillations  to  a point  where  the  system  becomes 
unstable.  Of  course,  no  pilot  would  centime  his  efforts  as  long  as. is  shorn 
in  Figure  XU-23  (approximately  45  seconds)  but  would  release  the  stick  and 
begin  anew. 
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Figure  HI-21.  Response  of  Pilot-Unaugmerrted  Airfrano  System  to  Step  0^ 
Coonand  for  Sane  Condition*  as  Figare  HI-19  except  ?,=  1 : 
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Figure  HI-23.  Response  of  Pilot-Unaugaentrf  Airfrete  Systea  to  Step 
6raf  Co— nd  for  Sane  Condi ticae  u Figure  IH-19 
except  T,  ss  3 mc* 
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Figures  IH-24  and  Hl-25  again  show  the  effect  of  increasing  the  rate 
judgment  tiae  constant,  in  this  instance  with  the  pilot  gain  set  at  40  lb/rad* 

For  this  higher  gain,  the  system  becomes  unstable  at  Tf  ■ 2. 

Figures  HI-26  and  HI-27  are  for  the  pilot  gain  Km  48  lb/rad.,  with  T,*  0 
and  1 second  respectively.  For  the  same  values  of  time  constant  Tt  , the  high 
frequency  damping  is  less  than  for  the  ease  in  which  K - 24  lb/rad . , and  at  tho 
same  tine,  there  seems  to  be  only  a slight  improvement  in  the  phugoid  response. 
(Compare  Figures  HI-19  and  HI-26.) 

The  preceding  figures  were  for  a pilot-basic  airframe  combination.  The 
effects  of  augmentation  on  the  system  will  now  be  Investigated.  For  illustra- 
tive purposes,  an  airframe  with  a tuck-under  condition  will  be  used.  In  addi- 
tion, the  short  period  node  of  the  basic  airframe  is  poorly  damped,  requiring 
approximately  5 cycles  to  damp  to  a small  value.  Stability  derivatives  are  given 
in  Table  HI-3.  The  time  history  of  the  airframe  in  this  condition  is  shown  in 
Figure  IH-28.  The  diverging  phugoid  and  poorly  damped  short  period  are  clearly 
visible  in  the  tracee. 
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Table  m-3.  Airframe  Parameters  Used  in  Figures  HI-28  through  HI-50 
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Figure  111-29  indicates  the  difficulty  which  the  pilot  encounters  in  trying 
to  control  such  as  airplane.  The  short  period  one  illations  are  still  pronounced 
and  the  diverging  phugoid  cannot  be  controlled. 

Consider  first  the  phugoid  divergence.  (IH-28)  showed  that  by  using  u. 
augmentation,  the  tuck-under  tendency  can  be  eliminated.  This  is  shorn  in 
Figures  III -30,  n 1-31,  and  111-32.  In  Figure  m-30,  the  amount  of  u augmen- 
tation is  given  by  4^  .01*0.  Then 

\t=  2h  * 2'  = -.0743  + JMO  - - .0343 
(IH-A5)  |a/v=  Mm  + M' 

= 0/64  + (.  3B/.040)  « -.00/2 

and 

(IH-46)  £'= 

* g [|S 0343/-. 02)  ~ (~ . 00/2 X' 3-  !3\ 

- -.003/ g 

Since  E*  is  still  negative,  the  phugoid  should  still  diverge.  This  can  ha 
seen  in  the  fignrn. 

In  Figure  HI-31,  7*«  .QI|5 

and 

(HI-47)  E‘«gX-.0393X-0Z)-(+.Q007X-3.I3\  - +.003? 

Thus  for  this  case,  the  phugoid  is  stabilised,  as  shorn  in  Figure  HI-31.  2a 
Figure  HI-32,  the  value  of  7^  has  been  increased  to  ,050  with  no  noticeable 
improvement  in  the  phugoid  response. 
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Rosponao  of  Pilot-Airframe  System  to  Step  ©rcf  Command  fop  Conditions 
of  Figure  111*29  and  with  a Augmojrtation  (z{j  *.  0,040) , 
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Although  the  phugoid  has  been  stabilised  by  u augaontation,  the  high  fre- 
quency oscillations  are  still  evident  with  the  dsnping  ratio  decreasing  as  the 
« augmentation  is  increased.  The  high  frequency  oscillations  are  damped  out 
by  using  Sg  augsentatioo  aa  show  in  Figure  HI-33.  The  short  period  oscilla- 
tions have  been  cliainated,  and  for  ^ * .0050  the  system  response  is  rapid 
and  has  no  large  overshoots.  For  any  value  of  2^  smaller  than  the  one  given, 
the  short  period  oscillations  persist  for  a few  cycles,  the  number  of  cycles 
depending  on  the  value  of  • 

Figure  1X1-34  shows  the  effect  of  W,  feedback,  lots  that  the  baigbt  of 
the  S9  peak  decreases  aa  is  increased  while  the  magnitude  of  the  applied 
force  stays  constant*  This  would  tend  to  indicate  that  the  stick  force  per  g 


increases  ms  the  k,  feedback  is  increased. 


This  fact  is  more  evident  when  the  two  degree  of 


equation*  are  examined.  These  aqaettnos 


(HH8)* 


ur-lJgQ  * + 

§ • + M+tr+AfjB  + Mjj'S, 


Froa(in-W) 


(m  ,9)  a . ±zM  - h&s 

s.  i jPTIu&TZS) 


abort  period 


a,  * -(Mf  * HHt) 

*.  - -(n.i\yn^K-u^)  < o 

H-  (Kr*ii-dK2 

* See  Reference  4,  (III-24)  «d  (HI-10), 
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Noting  that  the  change  in  load  factor  in  g onit  is 
(m-50)  An  - ~ j 

and  that  the  total  elevator  deflection  (assuming  only  a,  feedback)  1* 

£ 

(Hi-51)  st  ~ s e p +*>,**  I****" 

then 

An \ 

(in-52)  (F'/Kj-'jK.An-  1 \s,*iS*V+-£l 

or 

»*,***») J--4L. 

(III-53)  = ^[(/ ^ 

Letting  £ be  a step  injnt,  i*e„  £=j£l/ ^ ^ st**^  *****  T*ln“ 

Atj  i* 

- ^.a,  iiL 

(m-54) 

or 

(HI-55) 


For  the  condition  chosen. 


'x5r 


’«**  '•  t “'*> 


~?iXy'vfz-* ..-.  -e-^i 

Section  1 


Consider  first  the  csss  where  - 0;  thsa 

j£|  _ (32.2X/60X-/3.6) 

&*  ~ (-SQ692)  ’ 


*fa 


For  tbs  csss  where  A^=  .0000932, 

}$  I _ (3Z2X/60)[(.C000932)(-S£,692)  ~ / 3.6 ] 


f.  67 11  fa 


Bote  that  while  the  slope  of  the  curve  of  the  stick  force  versus  change  in  load 
factor  Increase*  as  the  anount  of  feedback  is  increased,  the  system  response 
tine  also  increases. 

An  alternate  method  of  raising  the  stick  farce  per  g gradient  without  chang- 
ing the  eysten  response  is  evident  in  (HI-55)*  This  equation  indicates  that 
, the  control  system  spring  constant,  can  be  increased  to  raise  j£) /&n  • 
If,  at  the  same  tine,  the  pilot  gain  K is  increased  to  keep  the  ratio  of  K to 


Kj*  constant,  the  system  response  should  remain  unchanged  since  the  ratio  of 
to  mill  remain  unchanged,  as  shown  in  {m-4Qa). 

It  is  interesting  to  note  that  u augasntstion  is  not  required  for  this 
c^ae,  das  to  the  fact  that  as  long  as  tbs  phugpid  is  not  exponentially  diverg- 
ing, tbs  pilot  can  damp  out  these  long  period  oscillations.  Of  course,  the 
effort  required  to  do  this  should  not  become  extreme.  Examination  of  the  pilot's 
force  curve  in  Figure  XU-34  shows  that  the  pilot  is  not  exerting  such  effort 
to  reach  a steady  state  value  without  overshooting  or  hunting.  This  fact  is 
■ore  evident  when  Figures  UE-30  and  XU-34  are  compared. 

Augmentation  has  improved  the  pilot's  control  over  tbs  airframe  to  a great 
extant,  but  what  has  it  dons  to  the  airframe  itself?  The  effect  of  augmentation 
on  the  basic  airframe  is  presented  in  Figure  IU-35.  These  time  histories 
correspond  to  a condition  where  the  pilot  has  ids  hands  cff  the  control  stick 
mad  tbs  alrfraam  is  disturbed  by  a vertical  gust  of  wind,  lbs  contrast  between 
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Figure*  -?5  end  HI-28  above  vividly  the  stabilising  Inflame*  of  aogmnl*- 
tJUWi.  The  diverging  pfaagoid  node  bee  bom  stabilised  end  the  abort  period 
deeping  ratio  has  been  increased  to  a point  where  the  short  period  owe  illation 
disappears  within  one  cycle. 
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Figure  HI-35,  Response  of  togmnted  Airflreas  to  t float  Input 
(55i  = ,<*5,  24,=  .005,  Z*,=.005) 

3b*  question  now  arlr»et  what  happens  to  this  optimised  gjrstee  dm  the 
pilot  pereeters  vary  do#  to  fatigue,  tenseness,  or  ear iLssaceseT  The  effects 
of  pilot  pereeetey  variation  are  show  la  flgorea  IH-36  through  HI-50. 


m-si 


'V' 


-w ’/S*** 


V 


► 


S«QtiOC  3 


conrm 


Figures  111-36  through  III-42  show  the  trend  as  the  reaction  tine,  T , i» 
varied  froa  .1  second  to  1.5  seconds.*  The  nomal  variations  of  T for  aircraft 
pilots  is  expected  to  be  from  .25  second  to  .8  second*  It  can  be  seen  that  the 
reaction  tine  variation  has  no  effect  on  the  system  stability  but  does  influence 
the  system  response. 

Consider  Figure  IH-42,  where  7 ~ 1.5  seconds.  The  pilot  sees  the  error 
building  up  froa  aero  and  realises  that  he  should  exert  a certain  force  to 
bring  this  error  dowa.  However,  be  does  not  react  until  1,5  seconds  has  elapsed* 
By  this  tine,  & and  0€  have  increased  to  sisable  values.  When  the  pilot's  con- 
trol finally  becomes  effective,  & and  0£  gradually  decrease.  In  the  end, 
for  both  7 * 1.5  and  T * 0.3  will  be  the  sane,  but  initially,  there  will  be  a 
larger  0C  far  T- 1*5  than  far  T*  0.3.  Since  variations  in  T affect  mainly 
the  initial  error  and  do  not  affect  systea  stability,  it  can  be  concluded  that 
optima  augmentation  need  not  concern  itself  with  the  value  of  7*. 

Figures  HI-43  and  HI-44  illustrate  again  the  fact  that  Increasing  the 
rate  Judgment  time  constant  T,  introduces  high  frequency  oscillations.  Of 
course,  these  short  period  oscillations  can  be  damped  out  by  using  store  ^ 
augmentation.  Since  aost  pilots  fly  by  rate  as  well  as  by  displacement,  it 
would  perhaps  be  acre  realistic  to  augment  the  system  with  a certain  amount  of 
rate  Judgment  included  in  the  human  pilot  transfer  function.** 

Figure  HI-45  is  for  the  same  conditions  as  in  Figure  HI-34  except  that 
the  pilot's  neuro-nuscular  lag  time  constant  Tz  has  been  increased  froa  ,2  to 
1 second.  Although  the  time  constant  has  been  Increased  by  a factor  of  five. 


* For  a step  input,  variation  of  T will  vary  the  dead-time  between 
signal  perception  and  response  with  little  effect  on  the  shape  of  the  response 
curves.  Therefore,  for  a study  of  the  effects  of  T , the  error  signal  will 
be  initiated  when  Q , thi  airfraae  pitch  attitude,  is  disturbed  from  Qmr  , 
idiers  is  rero.  The  pilot  then  tends  to  control  the  airplane  to  bring  & 
back  to  taro.  Here  again,  it  will  be  noted  that  never  returns  to  sero. 


**  The  previous  augmentation  was  done  with  tero  rate  Judgment, 
m-52 
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them  is  practically  ho  change  In  the  system  response  curves.  It  is  reasonable 
to  expect  then  that  system  cugnentation  can  be  accomplished  by  using  an  average 
value  tor  if  with  no  detrimental  effect  on  the  final  response  when  Tt  varies  . 

Figures  m-46  through  IH-50  shew  the  effect  of  varying  the  pilot's  gain 
tern  A without  a coagnensarate  change  in  the  spring  constant  , i.e.>  of 
varying  the  system  gain,  as  indicated  in  (lll-40a).  It  will  be  noted  that  a» 

K Is  increased,  all  the  quantities  increase  by  proportionate  amounts.  The 
most  significant  point  is  that  in  the  steady  state,  & acre  nearly  approaches 
Omp  as  A is  increased,  i.e«,  decreases.*  However,  there  is  an  upper 
Unit  to  K t since  instability  will  set  in  if  K is  aads  too  large.  This  trend 
is  in  Figure  HI-50,  there  for  K * 4*,  a second  hasp,  indicative  of 

decreased  damping,  can  be  seen  in  the  trace. 

1b  illustrate  that  augmentation  can  make  two  radically  different  systems 
behave  similarly,  another  set  of  airframe  conditions  will  be  chosen.  The  air- 
fre na  parameter*  are  given  in  Table  m-4.  For  these  vain*  the  airfraan 
pfryrirt  mods  la  of  a very  long  period  and  lightly  damped,  whil  the  abort  period 
node  is  wpimtmiy  daaped  art  in  one  cycle  as  Indicated  In  Figure  IH-51.  This 


figure  should  be  compared  with  Figure  m-28  to  note  the  differences  in  the  air- 


Twbl*  HI-4.  Airframe  Parameters  Used  in  Figures  m-51  through  111-56 
* See  BafaronM  1,  p.  XF-3. 


Figure  III-45,  Response  of  Filot-Augaontsd  Airfraae  System  to  Step  flygf 
Command  for  Conditions  of  Figure  111-29  except  Tt*  1 sec* 


IH-63 


t (2  sec/rtiT.)  — •*> 


Figure  m-46.  Response  of  Pilot-Augmented  Airframe  Systen  to  Step 
-•  9 n[  Command  for  Conditions  of  Figure  UI-29 

except  K=  24.  \ 
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Figure  III-52  shows  the  time  resvotiae  of  the  pilot  ettespting  to  bring 
the  system  up  to  & new  pitch  attitude*  The  curves  are  very  similar  to  the  ones 
presented  in  Figure  HI-19*  There  are  a few  short  period  wiggles  1 u the  tran- 
sient stage  and  a long  period  oscillation  about  the  steady  state  value  of  0. 
This  figure  should  be  compared  with  Figure  m-29* 

Using  (HI-55)  the  Stic*  force  per  g value  is  approximately  9.4  lb /g.  To 
lower  this  value,  it  was  found  necessary  to  feed  hack  sane  negative  -3,  besides 
using  at  and  u augmentation  to  increase  the  system  damping* 

Figure  HI-53  gives  the  tine  ' i story  of  the  pilot-airframe  system  with 
what  is  considered  optimum  augmentation  for  this  craft.  The  similarity  between 
Figure  HI-53  and  Figure  HI-34  should  he  noted.  The  augmenting  values  used 
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i 

A 

are 

y*  - 

— *OOOL 

= 

-.000058 

red 

ft/sse 

*085 

= 

.00045 

rad 

y 

Sf 

ftTsec2 

7 « 

-.015 

-.00087 

rad 

\ K* 

ft/iec2 

7* « 

.0015 

K:  - 

.00067 

rad 

**» 

ft/sec3 

Although  this  was  not  a tuck-under  condition,  it  was  found  necessary  to 
use  some  u feedback.  This  can  be  seen  from  Figures  HI-54  and  HI-55*  In 
Figure  HI-54,  with  no  u feedback,  the  Q response  tends  to  drift  back  after 
reaching  a peak.  In  Figure  HI-55,  with  -.002,  there  is  an  initial  sharp 
rise  in  Q , after  which  O very  slowly  increases  to  the  steady  state  value* 
Comparison  of  Figures  HI-53,  HI-54,  and  HI-55  shows  that  -0.001  gives 
the  best  response* 
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Figure  HI-54.  Response  of  Pilot-Augmented  Airfraas  System  to 

Step  6 ref  Connand  for  Conditions  of  Figure  HI-53 
except  Z^=0. 
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^ Figure  HI-56  show*  the  equivalent  airframe  without  pilot  control  v&ea 

disturbed  by  a vertical  gust  of  wind.  Note  that  the  augmentation  has  stabil- 
ised the  system  to  a great  extent,  eliminating  both  phugoid  and  *hort  period 
oscillations  completely.  Compare  Figure  111-56  with  Figure  HI-51* 


f 


Unaugmented  airframe  of  Table  III-4. 


Augmented  airframe  of  Table  HI-4 
with: 


1U,  =160  lb/rad  = 2.8  lb/deg. 
Ka^t,  = “*015 
K = -.00087  ,jad. 

ft/eec* 


Unaugmented  airframe  of  Table  IH-2. 

Unaugmented  airframe  of  Table  HI-2 
except  Ks.  increaaed  to  245 
lb/rad  = 4.3  lb/deg. 

Unaugmented  airframe  of  Table  HI-3. 

Augmented  airframe  of  Table  HI-3 
withx 

K*. -470.4  lb/rad  - 8.2  Ib/deg. 
K*  = .0000932  red 
^ ft/sec^ 


feet 


Figure  HI-57.  Effects  of  Augmentation  on  Stick  Fores  per  g 
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It  will  be  cf  interest  at  this  point  to  investigate  the  effects  of  aug- 
mentation on  the  stick  force  per  g values  for  the  three  set-  of  airframe 
parameters  considered.  Using  (IH-S5)»  the  points  in  Figaro  m-57  have  been 
calculated  for  both  augmented  and  un  augmented  airframes.  Mote  that  by  using 
both  <3,  augmentation  and  variation  of  A^,  , the  stick  farce  per  g character- 
istic can  be  made  the  same  for  all  three  conditictts.  The  level  of  the  constant 
stick  force  per  g curve  can  be  shifted  up  or  down  by  merely  varying  • 

In  conclusion*  it  can  be  said  that  by  the  method  of  equivalent  stability 
derivatives  and  analog  computer  simulation*  a complete  preliminary  study  can 
be  made  to  determine  what  sort  of  equalisation  Is  required  to  optimise  the 
pilot-airframe  system  of  Figure  HI-2.  From  this  preliminary  study,  the  var- 
iation of  a * /Q  , , and  ^ with  Mach  number  and 

altitude  can  be  estimated.  The  problem  cf  system  mechanisation  then  Tannins. 

same#  4 - STSIEK  MBSHtMginai 

From  all  indications*  the  gains  of  the  feedback  quantities  will  have  to 
be  programmed  with  Kach  number  and  altitude  and/or  dynamic  pressure  In  order 
to  establish  optimum  response  characteristics  for  different  flight  conditions. 
This  type  of  mechanization  has  not  proved  to  be  cf  may  difficulty  in  the  past 
and  should  not  present  any  problems  new. 

It  remains  then  to  select  the  sensors  and  actuators  to  be  used  in  the 
equalization.  Consider  first  the  sensors.  For  the  equalization  chosen,  than 
need  be  only  a normal  accelerometer  and  same  sort  of  forward  velocity  pickup 
to  give  output  voltages  proportional  to  and  u . These  voltages*  ldten  sent 
through  variable  rate  circuits*  will  give  voltages  proportional  to  hm  and  U 
as  well  as  a,  and  u as  shown  in  Figure  HI-56, 


IH-76 
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Figure  HI-53.  Block  Diagram  Showing  the  Generation  of 

Voltages  Proportionate  to  u,  a , a*  , and  a- 


% 


( 


Consio^r  now  Vu  and  \ZJjf  . they  can  be  used  as  activating  signals  tor  \ 
force  producing  device  in  place  of  the  commonly  accepted  bobweights,  centering 
springs,  etc.,  if  it  is  so  desired.  The  force  producing  device  could  be  a 
hydraulic  cylinder  with  an  electrically  operated  valve.  The  piston  rod  attached 
to  the  control  stick  can  bs  made  to  exert  a feel  force  proportional  to  ^ and 
Vm  ns  indicated  in  Figure  HI-59, 
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Figure  IH-59.  Block  Diagram  Showing  Mechanization  of  u 
and  as  Force  Feedbacks  to  the  Stick 
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The  variations  lr»  , the  control  system  spring  constant,  can  be  accom- 
pH  shed  by  using  a bellows  arrangement  which  effectively  increases  the  spring 
constant  as  dynast c pressure  is  increased.  The  valnes  for  given  in  Figure 
HI-57  are  satisfied  by 


* 


(m-56)  ~ (2  ♦ a 007  ) lc/deg. 


where 

|tc  = djnaaxlc  pressure  (l/ft2). 

The  motion  stability  sugmanter  is  srracged  in  a series  installation  with 
the  other  ccapsnents  of  the  control  system.  That  is,  any  deflections  of  the 
•levator  sated  by  the  motion  sga&ility  eugeenter  are  not  reflected  back  through 
the  spring,  fids  is  desirable  since  the  main  purpose  of  the  aotioa  stability 
augaenter  j*  to  damp  out  snooted  airframe  motions.  The  pilot  should  not  be 
annoyed  by  oexpected  stick  daflecticaa  whenever  the  elevator  is  moved  by  the 
stability  a^mmter.  % 

The  activating  signals  for  the  motion  sugmenter  cons  from  \£  , , 

and  ^ • These  signals  control  an  electrically  operated  hydraulic  cylinder 
whose  output  motion  deflects  the  elevator.  The  complete  pilot-equivalent  air- 
frame system  is  shewn  in  Figure  HI-60.  , . 

An  important  point  to  be  considered  is  that  the  sensors  and  actuators  are 
not  perfect;  i,e.,  they  contain  Inherent  lags,  thresholds,  and  other  nonlinear- 
ities.  The  final  system  configuration  oust  be  based  on  a study  which  ind’aues 
all  these  effects  plus  any  additional  equalisation  teat  is  required  to  compen- 
sate for  the  component  lags. 
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CHAPTEB  17 


DESIC2I  CRITEE1A 
SECTION  1 - WTRQDUCTJMi 


i;  < 


At  the  present  time,  there  are  several  sets  of  requirements  for  the  flying 
qualities  of  piloted  aircraft.  The  purpose  of  this  chapter  is  to  integrate  and 
codify  these  requirements. 

Section  2 presents  a general  discussion  of  the  requirements,  and  Sections 
3 and  4 give  store  detailed  discussions  devoted  respectively  to  the  longitudinal 
and  lateral-directional  requirements.  Section  $ includes  sene  recommendations 
and  suggestions  for  further  study. 

suflTTnu  9 - fayKBiT,  dscUSSMI 

It  was  pointed  oat  in  Chapter  HI  that  the  present  specifications  for  Dy- 
ing qualities  of  piloted  aircraft  have  been  based  on  a aeries  of  flight  test 
investigations  and  an  the  resulting  pilots*  opinions.  On  the  basis  of  thess 
studies,  and  bearing  in  mind  such  factors  ss 

1.  Pilot,  safety  and  comfort, 

2.  Pilot  capabilities, 

3.  Airframe  safety, 

4.  Maneuverability,  and 

5.  Base  of  maintaining  a given  attitude, 

desirable  stability  and  control  characteristics  can  be  formulated.  These  char- 
acteristics are  codified  in  Tables  17-1  and  IV-2  and  are  more  fully  discussed 
in  Sections  3 and  4.  Tables  are  appended  at  the  end  of  this  chapter. 


SECTION  3 - LONGITUDINAL  ESQCXBJMBI1S 
The  pilot-equivalent  airframe  system  is  shown  as  a block  diagram  in  Fig- 
ure 17-2. 
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Figure  IT-2.  Block  Diagram  of  Pilot-Equivalent  Airframe 
(Longitudinal)  System 


The  longitudinal  requirements  for  stability  and  control  given  in  Table  IV-1 
should  be  examined  with  this  figure  in  mini* 

(a)  DUJUGC  STAB3UTT 

Consider  first  the  dynamic  stability  specification.  In  essence,  this 
requirement  states  that  the  oscillations  of  u , <2,  , O , and  a r following  a 
disturbance  should  die  out  in  a reasonably  short  time.  The  disturbance  may  be 
asternal,  ae  is  tbs  ease  in  flight  through  rough  air,  or  it  nay  be  internal, 
as  is  the  ease  when  the  pilot  applies  a control  force. 

As  indicated  in  Table  IV-1,  all  the  factors  given  in  Section  2 must  be 
considered  in  the  specification  for  short  period  dynamic  oscillations*  From 
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CHAPTER  IV 
DESIGN  CRITERIA 

section  i - iHiaaajciiai 


At  present  tine,  there  ere  several  sets  of  requirements  for  the  ^ y<*»g 
qualities  uf  piloted  aircraft*  The  purpose  of  this  chapter  is  to  integrate  and 
codlfr  these  requirements* 

Section  2 presents  a general  discussion  of  the  requireamts,  and  Sections 
3 and  4 give  aore  detailed  discussions  devoted  respectively  to  the  longitudinal 
and  lateral-directional  requirements*  Section  5 includes  seas  reconaendstions 
and  suggestions  for  further  study* 

SECTU®  2 - GENERAL  H5C0SSTOI 

It  was  pointed  out  in  Chapter  m that  the  present  specifications  Ice  fly- 
ing qualities  of  piloted  aircraft  base  been  based  on  a series  of  flight  test 
investigations  and  on  the  resulting  pilots'  opinions*  Ota  the  basis  of  tV— 
studies,  and  bearing  in  Bind  such  factors  as 
1*  Pilot,  safety  and  coatat, 

2.  Pilot  capabilities, 

3*  Airfraae  safety, 

4*  Maneuverability,  and 
5*  Rase  of  aaintoining  a given  attitude, 
desirable  stability  end  control  characteristics  can  be  fonulated*  These  char- 
acteristics are  codified  in  Tables  IV-1  and  IT-2  and  are  man  fully  discussed 
in  Sections  3 and  4*  Tables  are  appsndad  at  the  end  of  this  chapter* 

SECTION  3 “ IDSHTODEUL  EBJOIHQfflJTS 
The  pilot-equivalent  airfraae  ayetew  is  sboun  as  a block  diagram  in  Fig- 
ure IT-2*  > 
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Figure  17-2.  Block  Diagram  or  mot-«quivaIent  Airlr«e 
(Longitudinal)  System 

ft.  longitudinal  requirements  for  stability  and  control  gism  in  Table  Tf-1 
be  examined  with  this  figure  in  *lnd» 

(a)  DYNAMIC  STABUJTI 

Consider  first  the  dynamic  stability  specification.  In  essence,  tfcls 
requirement  states  that  the  oscillations  of  u , , O , sai  ar  following  • 

disturbance  should  die  out  in  a rea.  'Tr»ably  short  time.  The  disturbance  «y  b. 
external,  as  is  the  case  in  flight  through  rough  air,  or  it  may  be  internal, 

as  ia  the  case  when  the  pilot  applies  a control  fares. 

As  indicated  in  Table  17-1,  all  the  factors  given  in  Section  2 mat  to  ) 

considered  in  the  specification  for  short  period  dynamic  oscillations.  T*m 
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the  standpoint  or  pilot  safety  and  confort,  it  is  obvious  that  any  sustained 
oscillations  of  normal  acceleration  acting  on  the  pilot  can  become  quite  unrnm 
fortable,  possibly  leading  to  vertigo  and  loSn  of  control.  For  this  reason, 
the  short  period  should  be  heavily  damped. 

Another  reason  for  requiring  heavy  damping  for  the  short  period  is  the 
linit  of  the  pilot’s  capabilities,  liheu  the  frequency  of  oscillation  reaches 
approximately  one  eyrie  per  second,  the  human  pilot  is  not  capable  of  control- 
ling the  oscillation  unless  the  oscillatory  mode  is  well  draped  to  begin  with, 
This  fact  was  illustrated  in  Figures  HI-29,  HI-30,  HI-31,  and  HI-32, 

The  need  for  heavy  damping  of  the  short  period  normal  acceleration  oscil- 
lation is  most  easily  appreciated  from  the  standpoint  of  airframe  safety.  Con- 
sider the  case  when  an  airframe  vdiich  is  unstable  in  the  short  period  nods  is 
excited  by  a gust  of  wind.  The  disastrous  effect  of  a diverging  short  period 
oscITl  ation  is  apparent, 

With  regard  to  maneuverability,  well-drape-'  airframe  oscillatory  nodes  lead 
naturally  to  minimisation  of  bunting  when  new  steai  state  attitudes  are  sought* 
At  the  moment,  the  degree  of  draping  required  for  the  pltugoid  mode  is  con- 
jectural. As  long  as  the  phugoid  mode  is  not  diverging  or  is  not  left  uncon- 
trolled, the  pilot  is  not  bothered  nor  is  the  performance  of  any  specific  mis- 
sion hampered.  However,  if  the  lightly  damped  phugoid  oscillation  is  not  con- 
trolled, the  pilot  is  apt  to  become  airsidc.  To  prevent  this,  the  pilot  can 
usually  damp  out  the  phugoid  oscillation  fay  cockpit  control  movements. 

However,  if  the  pilot  is  to  control  the  phugoid  when  the  oscillations  begin, 
be  must  consciously  set  out  to  do  so.  Unlik  the  short  period  mode,  there  are 
no  noticeable  acceleration  forces  acting  on  the  pilot’  a body  in  the  phugoid  mods. 
The  only  indication  which  the  pilot  receives  of  an  oscillatory  phugoid  mode  la 
from  the  cockpit  instruments,  e.g.,  the  airspeed  indicator. 
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Ther^^,  in  the  event  that  future  investigations  show  that  the  phugold 
mode  must  be  damped,  tho  equivalent  airframe  should  be  designed  so  as  to  have 
the  desired  phugoid  characteristics. 

(b)  STATIC  STABILITT 

In  terms  of  the  equivalent  airframe  block  diagram,  the  static  stability 
requirement  states  that  a pull  force,  £ , exerted  by  the  pilot,  Wilch  results 
in  an  up-elevator  movement,  will  cause  a negative  u {U=  Ua  + u j total 
forward  speed,  i^-tria  forward  speed,  a- incremental  forward  speed).  Further- 
more, when  the  pilot  has  his  hands  off  the  stick,  i.e.,  when  £=  O , any  per- 
turbation, u , from  trim  forward  speed  due  to  aqy  sort  of  external  disturfcancm 
should  reduce  to  sero. 


4# 


Equivalent 

m 

Airframe 

Figure  IV-3.  Block  Diagram  Used  to  Illustrate 
Static  Stability  Requirement 

The  first  requirement  simplifies  the  control  movements  required  to  initi- 
ate a change  in  trim  speed.  This  follows  from  the  fact  that  a change  in  level 
flight  trim  speed  is  always  accompanied  by  a change  in  angle  of  attack.  The 
direction  of  control  displacement  required  to  trim  at  the  new  angle  of  attack 
corresponds  to  that  needed  to  start  a rotation  in  pitch. 

The  second  static  stability  requirement  facilitates  the  of  maintain- 
ing a steady  attitude  by  eliminating  the  need  for  constant  monitoring  of  tbs 
cockpit  controls. 

(c)  ELEVATOR  CONTROL  EFFECTIVENESS 

The  requirement  that  the  ele^-tor  control  be  powerful  enough  to  develop 
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aaodant  lift  coefficient  or  design  load  factor  insures  that  the  airplane  can 
perform  up  to  its  aerodynamic  and/or  structural  design  limits. 

The  landing  requirement  is  possibly  the  most  critical  imposed  on  the  ele- 
vator* When  the  airplane  is  dose  to  the  ground,  more  up-elevator  la  required 
to  trim  at  s given  attitude  because  of  the  reduction  of  downvash  on  the  tail 
from  the  wing.  The  greatest  up-elevator  is  required  at  the  most  forward  center 
of  gravity  position  at  near  stall  conditions.  If  the  elevator  control  is  suffi- 
cient to  meet  this  requirement,  it  will  most  likely  satisfy  the  take-off  require- 
ments which  specify  that  the  elevator  oust  have  sufficient  control  to  maintain 
the  plane  in  the  proper  take-off  attitude  during  the  ground  run. 

(d)  ELEVATOR  CORROL  FORCE? 

The  elevator  control  forces  are  specified  to  insure  that  the  forces  required 
of  the  pilot  are  at  all  times  within  the  limits  of  his  capabilities.  Further- 
more, in  certain  critical  cases,  i.e.,  landing  and  take-off,  the  forces  should 
he  such  that  one-handed  flying  is  possible.  However,  if  the  forces  required  are 
made  too  low,  the  structural  safety  of  the  airplane  will  be  endangered.  This  is 
refleeted  in  the  stick  force  per  g requirement. 


Equivalent 

Airframe 


An*  -*%/g 


Figure  IF-4*  Block  Diagram  Used  to  IUmst  . te  Stick 
Force  per  g Requirement 


The  force  requirements  state  that  an  increase  in  pull  force,  £ in  Figure 
1W»,  should  produce  an  increase  in  normal  acceleration.  An  , and  that  the 
ratio  of  £ to  &n  should  be  greater  than  31b/g,  Assume  for  the  moment  that 
£ /An  is  1 lb/g.  Then  if  the  pilot  exerts  a force  of  10  pounds  on  the  cockpit 
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control,  An  will  be  10  g's.  For  an  airplane  which  has  a liait  load  factor  of, 
say,  8 g’s,  a 10  g change  in  normal  acceleration  can  lead  to  structural  failure* 
For  this  reason,  the  Fp/At)  ratio  has  a aimaim  liait  specified* 

The  abore  force  requirements  are  for  steady  turns  and  pull-ups  in  which 
the  -forces  are  approximately  proportional  to  the  eltanges  in  normal  acceleration* 
However,  in  sudden  pull-up  maneuvers,  the  change  in  normal  acceleration  depends 
also  on  the  elevator  (and  consequently  on  the  applied  force)  rate  of  movement 
and  exhibits  a large  peaking  effect,  as  show  in  Figure  IT-5* 
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(a)  Steady  Pull-Ops  (b)  Sudden  Pull-Ops 

Figure  17-5*  Force-Normal  Acceleration  Relationships 

gyaraj of  curve®  in  Figure  17-5  (b)  reveals  several  interesting 
points.  First  of  all,  the  normal  acceleration,  7^  , at  the  time  the  elevator 
rate  is  reduced  to  soro  gives  no  indication  of  the  normal  acceleration  that  mill 
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eventually  be  experienced.  Second,  if  the  elevator  rate  is  high  enough,  the 
maxima  normal  acceleration  nay  occur  *JTter  the  elevator  rate  ia  zero.  Last, 
and  most  important,  77^  may  exceed  the  limit  load  factor  although  nco  ia 
wall  below  r>LtMtT  « This  last  point  makes  it  imperative  from  the  standpoint  of 
airframe  safety  that  in  ary  sudden  pull-up  maneuver,  ^ / n~xm  be  equal  to 

or  greater  than  F /An  for  steady  pull-ups. 

The  landing  and  take-off  force  requirements  allow  for  one-handed  flying, 
thus  leaving  the  other  hand  free  to  perform  other  tasks.  The  force  limits  are 
left  at  reasonably  high  values  to  prevent  inadvertent  stalls  or  near  stalls. 

(e)  LONGITUDINAL  TRIM 

The  trim  change  requirement  states  that  the  equivalent  airframe  output 
quantities  indicated  in  Figure  17-6  should  be  as  small  as  possible  for  changes 
in  throttle,  gear,  or  flap  setting.  This  requirement  minimizes  tha  effort 
required  of  the  pilot  to  maintain  a trimmed  attitude  during  landing  approaches. 
If  mj  trim  changes  do  take  place,  the  force,  £ , required  to  maintain  trim 
should  not  be  excessive. 


Figure  17-6.  Block  Diagram  Used  to  Illustrate 
Longitudinal  Trim  Change  Effects 


17-7 


Section  4 


The  trim  requirement  for  sideslips  facilitates  the  task  of  maintaining 
trim.  When  a rodder  deflection  is  initiated  in  s sings  level  flight,  attitude, 
s steady  sideslip  results.  This  in  turn  creates  an  increased  drag  profile  and 
a reduction  in  airspeed.  Consequently,  the  lift  farce  decreases  and  unless  the 
trial  change  doe  to  aids  slip  is  counteracted,  a steady  loss  of  altitude  will 
result* 

lb  cancel  the  loss  in  lift,  s poll  force  should  he  required.  A pull  force 
gives  wore  up-elevator  and  an  Increased  angle  of  attack  which  leads  to  on 
increase  in  lift*  The  force  required  to  maintain  altitude  in  steady  lrftoll<r 
should  he  low  enough  so  that  it  will  not  fatigue  *he  pilot  %dwu  appH«d  Cor  aqr 
appreciable  length  of  tim, 

The  steady  state  error  In  forwsd  velocity  and  flight  path  angle 
in  the  trim  requirements  defines  the  aecent  of  apparent  friction  in  the  elevator 
control  circuit*  The  limitations  tend  to  insure  maintenance  of  trim  speed  sad 
attitude. 

(f)  ICKGHDD3H4L  TH3JKDC  SBTXCB 

The  longitudinal  trimming  devices  are  used  for  the  eoqwsas  purpose  of  rmdao- 
ing  the  elevator  control  forces  to  setro  to  relieve  the  pilot  of  contizmous  attsm 
to  the  cockpit  controls  while  maintaining  a constant  flight  attitude.  They 
should  he  irreversible  and  should  hold  a given  setting  indefinitely  or  snfeU 
changed  manual  ly* 

$RffTJfW  4 - T-iTCTiT-nmgrmraiT.  BBgmBEXBRS 
The  pUot-airflraaa  block  diagrms  for  the  lateral-directicaal  case,  flprv 
IT-7,  is  to  the  longitudinal,  block  diagram  (Figure  IT-2), 
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Figure  IT  -V.  Block  Diagram  of  Pilot-Equivalent  Airfraas 
(Lateral-Directional)  System 


(a)  online  stab nm 

Both  the  lateral  and  the  directional,  axes  are  included  in  the  block  dia- 
gram because  of  the  close  coupling  effects  of  the  two  axes;  i.e«.,  a roil  can 
set  up  a yam  and  vice  verst.  The  Dutch  roll  oscillation  is  an  example  of  a 
condition  In  which  the  airplane  exhibits  oscillations  in  roll,  yaw,  and  side- 


slip, all  at  the  same  time.  Any  sustained  Dutch  roll  oscillations  are  undeais** 
able  beeanee  the  lateral  accelerations  may  become  uncomfortable.  Furthermore, 
controlled  maneuvers  are  made  more  difficult  if  the  airplane  goes  into  Dutch 
roll  osclllatlone  each  time  a control  force,  £ or  ^ , is  applied, 
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Bxteesive  investigations  in  the  last  few  Tears  have  indicated  that  pilots 
prefer  a higher  degree  of  dagping  than  is  currently  specified.*  Note  that  the 
specifications  of  References  7 and  9 depend  on  certain  Dutch  roll  parameters. 
Reference  9 uses  roll  to  sideslip  angle  end  roll  to  yarn  angle  ratios  as  para- 
meters. Using  these  parameters,  a definite  bounder?  between  unsatisfactory  and 
satisfactory  Dutch  roll  damping  was  established-far  oce  given  flight  condition. 
To  account  for  flight  at  different  speeds  and  altitudes.  Reference  ? uses  roll 
angle  to  equivalent  side  velocity  as  a parameter. 

Otoe  point  to  be  noted  is  that  regardless  of  the  damping  there  is  an  upper 
limit  on  roll  to  side  velocity  ratio.  It  was  fband  that  a 0/vm  ratio  of  .55 
deg/fpo  or  loss  was  completely  satisfactory  to  the  pilots;  a QJirg  ratio  of 
•75  deg/fps  or  less  was  only  tolerable;  and  a 0/t£  ratio  greater  than  .75 
deg/fpe  wee  intolerable. 

ka  important  consideration  most  he  examined  at  this  point.  It  has  been 
found  practical  and  desirable  to  eliminate  sideslip  doe  to  external  disturbance* 
ty  eeliyg  automatic  stability  augmentation.  Urn  sideslip  is  eliminated,  the  so- 
called  Dutch  roll  oscillation  so  longer  exists,  invalidating  the  graph  in  Fig- 
ure IF-1  and  also  the  use  of  0/<£  and  $>Jp  ratios  as  parameters  in  specityliy 
lateral-directional  dynamic  stability. 

In  the  event  that  Dutch  roll  is  eliminated  ty  reducing  sideslip  due  to 
external  disturbances,  a new  set  of  dynamic  stability  requirements  should  be 
specified.  These  requirements  are  that  the  damping  of  the  roll  and  yaw  oscil- 
lations should  be  greater  than,  or  equal  to,  0.50.  Preferably  deadbeat  rolls 
into  turns  should  follow  a c remand  input. 

The  spiral  stability  requirement  is  intended  to  aid  the  pilot  in  flying  a 
steady  course.  During  extensive  inatrasent  flying  cr  when  the  pilot  must  read 

• See  Figure  17-1,  'dtich  is  pressnted  in  Table  IB-2  at  end  of  cm#  chapter. 
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naps,  work  navigation  problems,  consult  radio  facilities  handbooks,  etc.,  it  la 
impossible  to  keep  the  airplane  free,  diverging  spirally.  To  aid  the  pilot  in 
his  task  of  keeping  the  spiral  divergence  to  & minimum,  20  seconds  has  been  sug- 
gested as  an  acceptable  time  limit  for  the  spiral  motion  to  double  amplitude 
rather  than  the  4 seconds  presently  specified.  An  even  more  desirable  character- 
istic would  be  to  have  an  equivalent  airframe  that  does  not  exhibit  a spiral 
divergence. 

(b)  STATIC  DIRECTIONAL  STABIUTT 

The  first  static  directional  stability  requirement  states  that  a right 
rudder  pedal  force,  resulting  in  a right  rudder  deflection,  should  give  a left 
sideslip;  i.e.,  pushing  on  the  right  pedal  should  tend  to  produce  a directional 
change  to  the  right  (see  Figure  IT-3).  This  is  a desirable  characteristic  since 
the  direction  of  control  motion  corresponds  to  the  resulting  direction  of 
response. 

j Pedal  v—  Sadder  Sideslip 

/ Force  \ Deflection  Angle  \ 

*Pr  ±jn.  Directional  Control  1 ^*+/r>  Basic  J 


Directional  Control 

a » 

Basic 

System  Dynamics 

- 

Airframe 

Directional  Notion  m | 

Stability  Augmenter  Various 
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Stability  Augmenter  f Various  Airfnwe  feedbacks 


Figure  17-8.  Block  Diagram  Used  to  Ulnstrste 
Static  Directional  Stability 


Furthermore,  when  the  rudder  pedal  force  is  released,  the  airplane  should 
tend  to  return  to  a zero  sideslip  attitude. 
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The  adverse  yaw  requirement,  if  met,  will  tend  to  simplify  the  maneuver  of 
making  coordinated  turns*  When  rolling  into  a turn,  a yawing  moment,  due  to  the 
aileron  deflection  and  to  the  inclination  of  the  lift  vectors  on  the  wings,  is 
developed  which  tends  to  make  the  downgoing  wing  move  forward*  Consequently, 
in  a right  roll  and  turn,  the  yawing  moment  tends  to  move  ths  nose  left,  or  it 
produces  a right  sideslip*  The  pilot  must  then  apply  right  rudder  to  offset 
this  adverse  yaw  effect  and  reduce  the  sideslip  to  xero.  Obviously,  high  rudder 
fixed  directional  stability,  l.e.,  small  sideslip  due  to  aileron,  will  make 
coordinated  turns  easier.  Here  again,  the  use  of  a sideslip  stability  augpeoter 
will  reduce  the  adverse  yaw  effect. 

(c)  DIHEDRAL  EFFECT 

Positive  dihedral  effect  is  a phenomenon  in  which  left  rolls  are  produced 
by  steady  right  sideslips;  i.e.,  the  leading  wing  is  tipped  up.  Do  order  to 
keep  the  wings  level  in  sideslips,  it  is  required  that  aileron  control  deflection 
and  force  be  directed  toward  the  leading  wing.  Stated  in  another  way,  aileron 
control  deflection  and  force  toward  the  right  should  produce  right  rolls  (see 
Figure  I¥-9)« 


Figure  IT-9.  Block  Diagram  Heed  to  Illustrate  Dihedral  Effect 
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As  with  the  adverse  yaw  requirement.  tt**»  rolling  Teloc  1 T r^JJilxeamt  will 
also  simplify  coordinated  turn  maneuvers.  Here  again,  tM  el%adnahlen  w*  si*v- 
aHp  win  sake  this  requirement  superfluous.  However,  far  coatplatenesa,  the 

rolling  velocity  specification  should  be  examined.  I 

After  the  ailerons  are  deflected  and  a roll  is  initiated,  luy,  toward  the 
right,  the  adverse  yaw  effect  will  tend  U turn  the  nose  to  the  tleft;  i-e.,  a 
right  roll  will  produce  a right  sideslip.  If  the  adverse  yaw  effect  is  great 
enough,  the  right  sideslip  will  be  quite  pronounced,  The  poaiti*|e  dihedral 
effect  will  now  tend  to  roll  the  airplane  away  from  the  sideslip,  the 

right  wing  up  and  create  a left  roll,  or  a rolling  velocity  reversla. 

Obviously,  coordinated  maneuvers  are  very  greatly  sispUHed  *W  the 
adverse  yaw  and  rolling  Telocity  reversal  (positive  dihedral)  effects  am  min- 
imised. On  the  other  hand,  negative  dihedr  al  effect  ia  not  desirafalle  haeame 
negative  dihedral  effect  will  continually  tend  to  increase  the  sideslips  e«, 
right  sideslip  will  produce  a right  roll  due  to  negative  dihedral  eff&cts  the 
adverse  yaw  effect  will  tend  to  produce  more  xi&&  sideslip  and  so  «m.I  Is  othi 
words,  negative  dihedral  effect  tends  to  aggravate  the  spiral  divergency. 

(d)  ffinram  AND  COHTBOL  HTECI I7HOSS  % 

B»  requirements  for  control  effectiveness  wist  be  met  if  the  pnn*Air- 
pl mm  system  is  to  he  able  to  maneuver  properly  to  accomplish  mr  speclftel 
mission.  The  values  specified  in  Table  IT-2  the  edniw*-.  r~pired  fat 
qute  maneuvering  control.  \ 

Besides  w^dyliig  maneuvering  centra,  ti:e  md  isr  and  ai^^  1 

aut  be  capable  of  maintaining  steady  flight  .tUtxiee  in  any  flight  config- 
uration. These  requirements  are  specified  in  f abfc  IM. 

(e)  8DME&  AID  AILEBC*  CCKTBOL  KSC15 

The  control  force  requirenenfcs  far  the  laaml-directional  eentwOm  ere 
•pacified  mainly  to  meet  the  capabilities  of  the  ;ilet,  1*>  p«A 
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upper  limit  on  the  rudder  pedal  force  is  approximately  9 QC  of  the  naxisf^r.rtirce 
that  the  average  pilot  can  exert*  Unlike  the  longitudinal  case,  there  is  not 
aoeh  emphasis  put  on  the  force  requirements  from  the  standpoint  of  airframe 
safety* 

(f)  RUDDER  AND  AILERON  THIMMUC  DEVICES 

As  with  the  longitudinal  trimming  devisee,  the  lateral-directional  trimming 
devices  most  he  capable  of  reducing  the  control  forces  to  zero  and  of  maintain- 
ing a given  setting  indefinitely* 

(g)  APPARENT  RUDDER  AND  kTtnxn  CONTROL  SYSTEM  FRICTION 

Rather  than  specifying  the  friction  force  in  the  control  circuit  a,  the  max- 
imum allowable  out-of-trim  settings  due  to  these  forces  are  specified*  This 
allows  far  good  centering  characteristics  for  both  the  rudder  and  aileron* 


SECTION  5 - SUGGESTIONS  KA  FORMER  STUDY 
Host  of  the  specifications  presented  in  the  preceding  sections  were  based 
an  subsonic  flight  investigations.  Tbs  applicability  of  these  specifications 
tor  transonic  and  supersonic  flight  must  he  examined* 

Some  points  of  interest  to  be  examined,  regardless  of  the  speed  regime, 
jo  the  transient  feel  problem,  cockpit  control  displacements,  and  the  use  of 
a motion  stability  aagwenter  to  reduce  sideslip  from  external  causes  to  zero, 
thus  reducing  the  adverse  yarn  and  rolling jralccity  reversal  effects* 

Returning  again  to  the  question  of  flight  through  different  speed  regimes, 
i*e«,  subsonic,  transonic,  and  supersonic,  the  aerodynamic  behavior  of  the  ai»> 
plane  varies  widely  through  each  of  these  regions.  This  variation  is  evidenced 
erven  in  flight  at  different  Mach  numbers  and  altitudes  in  one  speed  regime,  as 
can  be  seen  in  Figures  in-18,  m-2 tf,  IH-36,  and  HI-57. 

This  variation  in  aerodynamic  behavior  leads  naturally  to  changes  in  the 
dynamic  and  static  stability  of  the  airplane  and  to  changes  in  tbs  control 
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forces  and  disploccewnts  necessary  to  perform  certain  maneuvers.  The  over-all 
effect  is  that  the  pilot  vast  learn  each  pattern  of  control  feel  cces  as  he 
passes  from  one  speed  range  to  another.  To  3Sty  the  least,  this  is  confusing  to 
the  pilot  and  complicates  his  operational  procstesn. 

It  is  not  difficult  to  visualise  the  Increase  in  pilot  efficiency  and 
improvement  in  system  performance  if  the  aqui valent  airframe  sere  made  invar- 
iant for  a large  range  of  flight  configurations;  that  is,  for  any  control  fcrce 
or  displacement  applied  ty  the  pilot  on  the  cockpit  control,  the  system  response 
should  he  the  same  regardless  of  the  flight  cooditlan. 

At  first  glance,  this  requirement  seems  rather  formidable.  However,  the 

results  obtained  in  Chapter  XU  indicate  that  this  invariant  applied  control- 

% 

system  response  relationship  can  be  met  by  prudent  system  design.  The  desira- 
bility of  establishing  this  uniform  control  foal  response  criterion  for  pilot- 
airframe  systems  should  he  s field  Dor  future  study. 
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Short  period  oselHstioo*  of  normal  acceleration  wit  to  heavily  damped  for  all  flight  configuration*. 
Short  period  dmpisg  ratio,  X^,  , should  bo  S^SO.60  for  optimal  design. 

Phugoli  oscillations  aboold  act  ba  divergent.  Prof artbly,  th*  pfcugold  damping  ratio,  ^ , ehould  ba 
0.20  for  optima  Awlpu 


SUdc-ttnrd  «rrf  stlek-fw*  static  stability  for  all  flight  configuration*  la  required  such  that  Increasing 
up  slsvator  will  reduce  tria  speed  and  such  that  with  aleirator  frao,  tba  airulana  will  teod  to  return  to 
trio  ap— d following  a disturbance. 


Sleaator  control  Moat  ba  auftlclant  to  obtain  and  maintain  * toady  flight  at  all  flight  configurations. 

Elevator  control  ant  be  powerful  enough  to  develop  maadnua  positive  or  negative  lift  coefficient,  or 
positive  at  negative  Halt  load  factor  for  all  flight  configurations. 

Elevator  control  aost  be  sufficient  to  told  the  airplane  off  but  very  near  the  grand  at  near  stall  con- 
ditions with  the  aoet  forward  ceerter  of  gravity  position, 

tlevator  control  aust  be  aufflcieet  to  maintain  the  airplane  at  any  ground  attitude  up  to  take-off  atti- 
tude with  greatest  tail-heavy  weight  ament  about  the  main  wheels  for  tall  wheel  airplane*  or  greatest  ooas- 
doin  static  weight  anarnt.  about  the  main  toeels  for  nose  "wheel  airplanes. 


ZUmtsr  control  forces  for  Its  ibn  conditions  should  not  to  exceedingly  high  nor  diould  they  ba  too  low. 
Increasing  {all-forces  atosld  produce  increases  In  normal  acceleration. 

The  elev-jtor  control  force  vs.  ebange  In  non  *1  acceleration  factor  curve  should  have  a slope  within  the 
following  rungs*  iot  all  flight  configurations  and  weight  loadings* 

3*  5l/(n-l>c  ?/g<  5*/(»-l)  lto/g  for  class  I,  HI,  and  IT  airpim*** 

3i  15/(n-l><  P/g -t  12tV(»-l)  lto/g  for  clam  H airplane*# 
ifk  is  dm  ign  Unit  lead  factor  in  g wn.'t*) 

Tbs  aratiaat  of  — d—  slsvetsr  control  three  with  aaxlana  nom-1  acceleration  In  mdden  pull-ups  firoa 


The  gradient  of  — d—  elevator  control  three  with  saxlisna  nomal  acceleration  la  mddan  pull-ups  firoa 
til— 1 straight  flight  stoald  to  greater  than  or-  equal  to  F/g  npndfiad  above. 

The  -v— ■*Jr  control  pull  torn  required  to  aeet  the  landing  requirement  aboard  be  greater  than  15  lbs 
at  the  mat  aft  canter  of  gravity  position  and  lota  than  35  lbs  at  the  aost  forward  canter  of  gravity 
posit*—  for  clam  X and  HI  and  for  all  carrier  based  airplanes.  For  all  other  airplanes,  the  sari  ana 
pall  fore*  required  aboard  he  lass  than  50  lb*. 

Tbs  elevator  control  forces  for  the  take-off  requirements  should  be  less  than* 

25  lbs  pusn  tor  dam  X and  HI  and  for  all  carrier  based  airplanes  1 (tail-wheel) 

35  lbs  peek  for  ml  other  airplaoee  ] 


airplanee 


3 5 lbe  pall  for  Hit-oTT  for  class  I and  III  and  few  all  carrier  based  airplane*  1 
5C  lbs  far  lift-off  for  all  other  airplanes  J 


(nose  wheel) 


Trim  dungea  at  soar  speed  dee  to  any  coabuiatlon  of  power,  flap,  or  landing  gear  settings  should  to 
atotoisod  or  taro  If  possible.  Th ere  should  bo  no  reversal  of  trim.  The  elevator  control  forco  required 
to  MooUrsct  any  tria  change  should  to  leas  than  20  lb*  for  class  X,  HI,  or  IT  airplane*  or  30  lb* 
for  clam  H airplanes. 

There  should  be  oAstentlslly  as  tria  chang*  for  Isas  than  10°  of  sideslip,  and  no  wore  then  10  lbs  of 
pill-farce  should  be  required  for  tria  at  any  sideslip  angle  which  can  be  produced  with  50  lbe  of  pedal 
form, 

tay  steady  state  error  following  a disturbance  should  not  aaceed- 2 *fii  in  tria  speed  or  *.2J°  in  flight 
path  ar.rlv  whan  th*  aircraft  la  trimed  for  straight  flight  and  th*  center  of  gravity  is  half-way  between 
Ui*  aost  forward  aad  aost  aft  position*.  


The  trtorSeg  device  mould  maintain  a given  setting  indefinitely  unless  changed  intentionally. 
The  trlawirj  device  atould  to  capshls  of  reducing  the  elevator  control  force  to  sere* 


table  IH.  Cedlflestim  at  langituiMssl  equivalent  Airframe  Stability  and  Control  Isqair  manta 
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• Ham  Z - Light  Urfbmm 

Class  V.  - Patrol,  toasy  attack,  transport,  cargo,  etc* 
Class  XH  - rioters,  attack,  dive  boabarc,  etc.  (toore 
Clam  IT  - Fighters,  general  pen***  etteek,  etc.  (toip 
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The  rwaJsr  should  girt  sufficient  direction »1  . -—tre!  to  balance  the  airplane  in 
*tae^  »in*i4t'-t  fiir.ht  kith  Use  wings  level  in  *11  configurations. 

Ja  the  lacdiitg  esutl^rition,  fell  rudder  deflection  mould  prodoce  at  least  Iff 
af  ri**ty  sideslip. 

The  rudder  control  in  conjunction  with  other  naans  of  control  should  be  adequate 
to  uai  stain  straight  paths  on  the  ground  during  take-offs  and  landings  la  cross 
wi=*s  sal  la  sonal  conditions. 

Tbs  reads;  control  In  ccijunctioo  with  other  aeitna  of  control  should  be  adequate 
for  tasting  on  land  and  ntir. 

The  rudder  control  on  ss*21i-engta>  alrplsr.es  should  be  adequate  to  bold  the  air- 
plane Kith  a aero  /swing  Telocity  and  not  sore  than  5°  baric  with  ary  one  angina 
lut%— tine. 

The  ndhr  should  be  capable  of  overc owing  the  adseree  yaw  men  the  airplane  is 
rolled  abruptly  out  of  steady  15°  basked  turns  using  full  aileron  deflection. 


Hostile-  aileron  deflection  (right  aileron  up,  left  aileron  dan)  should  always  glee 
right  ha*. 

he  peak  solas  for  roller**  acceleration  should  occur  In  loss  then  3.75  i/f 
mmh  or  Owl  second,  didmsr  is  tbs  greater,  after  full  aileron  deflection 
is  istdad  in  e rudder-locked  roll. 

The  era*  see  selling  velocity  obtained  by  a rudder-fixed  aileron  deflection  ehocOd 
la  ajstaslaasely  proportional  to  the  aileron  deflecLion  frost  trie. 

tff 

Tn  lens  free  straight  or  turning  flights  with  rudder  fixed,  the  aileron  should  be 
aiftlsUrtly  powerful  to  produce  a bank  angle  of  %P  within  1 second  after  Use 
ailersat  la  «WO acted. 

The  sQ— s should  be  powerful  enough  to  keep  the  wings  level  when  any  one  engine 
la  terms  sties  in  a edti-engine  airplane. 


- should  net 


The  sadn  aileron  control  force  for  the  baric  eagle  requlreassst  should  not 
fallowing: 

liras  I,  m,  TT  33  lbs  stick  force  or  fiO  lbe  Wml  fcrM 
dsEse  H JO  lbs  stick  force  or  80  lbe  wheel  fares 

The  aCscna  control  force  to  neat  the  ay  nitric  poster  rsqoiiensrt  should  not 
scaad  the  forces  specified  above. 

The  atlecmo  control  force  vv.  stick  or  thee!  deflection  curve  should  be  assooth 
and  rise?  enough  to  retain  the  control  to  approximate  trln  position  then  released. 


Inte**  i islly. 

The  trteaaag  device  should  te  capable  of  reducing  the  elevator  control  force  to 


The  rdfcr  pedal  forces  fbr  ay  flight  configuretlcn  and  i 
exceed  13)  lbe. 


The  j-aaeft  of  apparent  madder  and  allercn  control  aysten  frictluo  should  not  be 
so  great  a*  to  enr  the  controls  to  stick  to  more  than  1°  of  total  aileron  or 
2°  of  -wjdtr  free  trim  position  after  having  been  applied  and  slowly  released 
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APPENDIX  ^VfuvJ  !iuvi.L..iateS-KSi 

Eoamnoi:  c?  absented  char/ctchsxic  equation  cf  the  equiyailnt  aihfsahe 


The  equations  of  action  of  the  basic  airfTaae  are 


U - X^U  * XurOf  -qB 

Sr  * 2 u * 2mv  +(ti+  2^)6  * Z,  3r 

U-13 

9 - A^u  * M^tr  * M^ir  * * M^S, 

a*m  & ~ 4* 

Tram  (1-1),  the  transfer  functions  relating  u and  fi,  to  Sr  nay  be  derived* 


(A-3) 


u £js*  * C^s 

^ * As4  *Bs^*Cs,*Ds*£ 

a,  _ sjA^s**  £l.a**  C^s  * A.) 

Sj,  As4*  Ss*  * Cs**  Ds  * £ 


4 * V- 

^ s - MiK)+*i.(ilK-9) 

4* 


\*** 


- X* 


■■‘"■'^"See'lauafeLoa*  tlll-l),  (m-4),  and  (HI-29)  of  Methods  of  Anal ref*  aa? 
ftrathosia  of  Piloted  Aircraft  Flight  Control  S/ste^s,  BuAcr  Report  No* 

I,  Northrop  Aircraft,  Ins.,  litaahorae,  California,  March  1952. 
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Consider  nov  u/Ss  in  (A-2),  letting 
(A-3)  S,  - S^+ (Ku+ /Qisfo 


vhsre 


^ is  tbe  elevator  motion  caused  tgr  the  pilot 
Ku  is  the  amount  ,-*f  u feedback  to  the  elevator  through  the  ferev 
motion  stability  augaentera 

/£  is  the  amount  of  a feedback  to  the  elevator  thres^h  the  force 
motion  stability  sugnenters 


(A“4)  " [$**fo**S*>0 


U-5) 
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(coot) 


4i^  * ^<4^  ^ 4 


* At 

As*  > iBt/iajs1  * fo^dj,'  £$!*  *(e*t,£j 
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Fro*  (A- 5)  and  (W), 

(*-;)•  a^--^q=  ^feAfr^vHt  (u\,-?3 

*S,—K.Q 

A*  — *,-4  "-^X, 

U-V)«  Adi  - * AtA.)-\ft4 V»2 

low  consider  a,/^.  In  (A-2),  letting 

(«) 


is  the  aaourrt  of  a,  feedback  to  the  elevator  through  the  force  end 
action  stability  aqgaeatere 

« See  <m-28). 

**  See  (ro-ao)* 
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